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Abstract 
Nuclear power, for the last 70 years, has been a consistent source of electrical power 
around the world and future designs of Generation IV reactors could provide carbon free, 
efficient, and safe energy for a more sustainable future, in a compact modular design. The goal 
of this qualifying project is to explore the role of small modular reactors (SMRs) within the 
energy landscape, with a focus on design feasibility and radiation safety. Monte Carlo N-Particle 
transport (MCNP) simulations and 3D models were used to evaluate dose to a hypothetical 
person based on the proposed design of Oak Ridge National Laboratories’ (ORNL) small 
modular molten salt reactor. The transmission simulations demonstrated that the shielding 
provided by the cladding (Zircaloy-4 and graphite) and reactor vessel were enough to reduce 
neutron radiation well below federal limits (1 mSv/year). Based on the data from this research, 
the SmAHTR and similar SMR designs would not pose an additional risk of radiation to the 
public due to its form factor design 
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Executive Summary 
Currently the use of commercial nuclear power is limited to large stationary reactors. 
These reactors have served as a global source of clean electrical power, contributing 10.2% of 
total electricity as of 2017 [31]. However, these reactors have a large geographical footprint and 
often are dismissed by extremely high startup costs and public perception of safety. The newest 
generation of reactors, Generation IV, hope to solve these core problems. These designs would 
enable more fuel-efficient reactors that could be scaled up or down depending on the current 
energy demand. A subset of these reactors called Small Modular Reactors (SMR) are 
considerably smaller than the traditional pressurized and boiling water reactors. They are defined 
as having an output power of 300MWe or less. They are unique in the fact that they are being 
designed as modular, increasing the capability to be used for small or large energy needs.  
This research will evaluate the design and radiation risks associated with SMRs, 
specifically neutron shielding capabilities.  The main components of a small modular reactor 
concept were modeled using SolidWorks 3D computer aided design software (CAD). The parts 
were modeled based off the SmAHTR (small modular Advanced High Temperature Reactor) 
concept proposed by Oak Ridge National Laboratory (ORNL) [14]. A simplified model of the 
SmAHTR design was evaluated using MCNP6.2, which is the latest version of Los Alamos 
National Laboratory’s Monte Carlo physics-based code that tracks neutron, photon, or electron 
interactions. The main three components included in these simulations were the reactor vessel, 
fuel assembly and the fuel cladding. These components were modelled as basic geometric 
macrobodies, focusing on the critical aspects of the design that would properly demonstrate the 
neutron’s interaction with the shielding.  
 The goal of this research was to provide insight in the potential capabilities and risk 
factors of transporting and setting up a proposed small modular reactor. Because of the unique 
size and weight constraints imposed on SMR designs, I utilized CAD modeling to constantly 
track changes to the weight and dimensions of the reactor. Combining this process with MCNP 
dosimetry simulations, I was able to balance effective neutron shielding while maintaining the 
necessary physical characteristics to make the reactor transportable by common freight methods.   
The transmission simulations revealed that the model SMR could provide neutron 
shielding that would not increase the public risk of radiation during reactor operations. Zircaloy-
4 and graphite cladding comparison tests demonstrated that both materials could provide the 
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necessary neutron shielding. Graphite was determined a better alternative to zirconium alloys for 
the reactor modeled in this research as it offers a higher thermal capability and a small scatter 
and absorption cross section, which is ideal for fast neutron reactors. This research provides 
insight into the risk associated with constructing SMR technology and their deployment to 
remote locations. From the data gathered in this research, it is clear that SMRs do not pose an 
increased threat to public safety because of their form factor design and could be implemented 
near public forums.  
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Chapter 1: Introduction 
Currently, there remains a large global demand for electricity generation which is 
expected to rise by 24 – 31 % of global energy consumption by 2040, based on the 2018 Stated 
Policies and Sustainable Development models put out by the International Energy Agency (IEA) 
the global electricity demand [16]. This continued demand for electrical power will result in the 
increased use of all sources of power, including fossil fuels. In 1965 the world produced 
40,534.65 TWh of power from fossil fuels and in 2018 that number had increased by almost 
340% to 136,577.7 TWh [36]. This continued reliance on fossil fuels as a primary energy source 
is both unsustainable and harmful to the longevity of our environment. Here is where the rising 
energy demands and need for a cleaner source of energy opens a market for nuclear power as a 
sustainable clean electricity source. Nuclear power is not a new concept, in fact the first 
commercial energy reactor was operational in the 1950s. The world has been utilizing nuclear 
power for the past 70 years for electricity, medical treatments, and research purposes.  The global 
nuclear fleet of about 440 reactors are contributing to approximately 10% of the world’s 
electricity, along with more than 50 commercial nuclear power plants under construction [31]. 
There are currently around 30 countries looking to start nuclear power programs, showing the 
interest in nuclear power to combat the rising electricity needs [33].  Most of these reactors are 
Pressurized and Boiling water reactors (PWR and BWR respectively) which are the most 
common in operation and are categorized by their use of water to moderate the nuclear fission 
process. These reactors are reliable but expensive and take years to license and construct. A 
study done in 2008 showed that these nuclear plants could cost anywhere between $6 billion and 
$9 billion for each 1,100MW plant [37].  
The large footprint of these plants limits their access to more rural locations, that could 
benefit from the sustainability provided by nuclear power. This has led the nuclear industry to 
push for the development of newer more energy and cost-efficient reactor designs. These 
designs, known as Generation IV reactors, are the new class of reactors that seek to solve the 
biggest problems surrounding the current nuclear technology. Many of these reactors operate in 
the fast neutron spectrum (neutron energies averaging 1 MeV) and utilize liquid salts or lead as a 
coolant in lieu of the traditional water designs [2 44]. The proposed designs would enable the 
creation of more fuel-efficient reactors that could be scaled up or down depending on the current 
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energy demand. The ability to scale down the reactors to smaller power outputs is the focus of 
this project.  
Small Modular reactors are a subset of the new Generation IV reactors that are defined by 
The International Atomic Energy Agency (IAEA), reactors that produce 300MWe or less 
electrical output [43]. These reactors are intended to be self-contained and considerably smaller 
than the traditional PWR and BWR plants. The hope is that these reactors will act as a “nuclear 
battery”, being able to be made modular and adaptable to the energy demands anywhere around 
the globe. Because of their unique size, SMRs can be loaded onto freight ships, trucks, and cargo 
planes, allowing for operation in rural areas that previous have not had access to power. Public 
exposure to radiation is always a concern when talking about nuclear power but becomes 
increasingly concerning with these smaller designs. In order to balance the reduction of size and 
weight, the amount of shielding material must be properly evaluated to ensure that SMR’s do not 
pose an increased risk of radiation exposure to the general public.  
This paper will focus on evaluating the design and radiation risks associated with SMRs. 
The safety of these reactors was evaluated using a recent design proposal by ORNL for a molten 
salt small modular reactor [14]. Using both CAD and MCNP6.2, a simplified version of the 
ORNL reactor was modeled and computationally evaluated to determine the potential radiation 
dose for a hypothetical person standing at varying distances away from the reactor. The goal of 
the project was to determine whether a reactor with the constraints imposed by the SMR design 
would create an added risk of public radiation exposure. The data from this research will bring 
insight into the feasibility for SMR technology in the future. By utilizing the Monte Carlo 
simulation, it is possible to easily iterate on the code produced for this research and continue to 
make it more specific to future reactor designs.  
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Chapter 2: Background 
The current nuclear landscape: 
The use of nuclear power for commercial electricity generation is not a new idea, for over 
70 years nuclear power plants have been contributing to the global electricity generation. 
Currently, there are 30 countries worldwide that are operating nuclear power plants for 
commercial power generation [31]. The construction of nuclear facilities has evolved into a 
global process often requiring outsourcing of reactor components and fuel to complete assembly.  
Since the beginning of commercial nuclear power use in the 1950s, the amount of power plants 
and power generation has increased steadily. Figure 1 below shows the growth of operable 
reactors worldwide from 1954 to 2019.  
 
 
 
Figure 1: Number of operable reactors from 1954 to 2019, global use Adapted from “Nuclear Power in the World 
Today”. World Nuclear Association, Mar. 2020, https://www.world-nuclear.org/information-library/current-and-
future-generation/nuclear-power-in-the-world-today.aspx. 
 
When discussing the impact nuclear power has had on global usage, it is important to 
understand the total contribution to electrical power generation. As of 2017, nuclear power 
contributes to 10.2% of the world’s electricity production [31]. Electricity generation by nuclear 
power has been on a consistent increase, 2018 saw the 6th consecutive year of global nuclear 
power generation. The contribution of nuclear electricity generation is largely dependent on the 
country, and in some cases contribute to more than the total power production. France has the 
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largest percentage of the total electricity produced by nuclear power, contributing three quarters 
of their county’s electricity from nuclear alone. Hungary, Slovakia, Ukraine use nuclear power 
for more than half of their country’s total energy production [31]. Nuclear power is a proven 
clean and sustainable energy option, but still is widely under used compared to oil, coal, and 
natural gas. Figure 2 below shows the global energy demand and consumption in 2018. Fossil 
fuels are still the dominating source of energy. The consumption of nuclear energy was far below 
the global demand for it, leaving room for improvement to utilize the technology as a low carbon 
alternative to fossil fuels.  
  
 
Figure 2: Global energy demand and consumption by source. Adapted from “Global Energy & CO2 Status Report 
2019”. International Energy Agency, 2019, https://www.iea.org/reports/global-energy-co2-status-report-
2019/electricity#abstract and Hannah Ritchie and Max Roser (2020) - "Energy". Published online at 
OurWorldInData.org. Retrieved from: 'https://ourworldindata.org/energy’. 
 
The United States currently has the largest number of operating nuclear reactors, 98 in 
total. The U.S has been operating commercial nuclear reactors since 1960 and has been a 
considerable portion of the total electricity generation. Currently, nuclear power contributes to 
20% of the total energy generated in the United States [30], which is larger than the total amount 
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of renewable sources being used. Although nuclear power plays a major role in the U.S energy 
market, there have been no new reactors built since 1977. This lack of development for new 
reactor designs unfortunately does not coincide with the rising U.S energy demands and public 
discourse for the increased use of fossil fuel, especially the newly abundant natural gas reserves. 
Figure 3 below shows the large contribution natural gas and coal have for electricity generation 
in the United States, with nuclear lagging behind both.  
 
 
Figure 3: United States electricity generation by source. Adapted from “What is U.S. electricity generation byenergy 
source?”, Energy Information Agency (EIA), Feb. 2020, https://www.eia.gov/tools/faqs/faq.php?id=427&t=3 
 
The push to build new reactors have been stalled by the growing economic sustainability 
of natural gas, public safety concerns of nuclear safety, and the improvements to existing plants 
maintenance and refueling techniques [30]. All 98 operating reactors fall into one of two types of 
reactors, PWR or BWR. Numerous U.S based companies are actively engaged in research for 
Generation IV reactors, many of which are looking to scale down to SMRs. These companies 
include, Westinghouse, Terra power, and national laboratories such as ORNL. 
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Modern Nuclear Reactors: 
Pressurized Water Reactor 
PWR is a light water reactor, using 1H instead of 2H (deuterium oxide) and the most 
widely used reactor in the world. Due to their high-pressure conditions, PWRs have a high 
specific power (high power for their mass) [22]. Specific power is independent of the power 
plant's size and is a good tool to compare different reactor power plants. It is given by:  
 
Specific power = 
𝒑𝒐𝒘𝒆𝒓
𝒎𝒂𝒔𝒔
          (1) 
 
The pressurized water reactors contain 150-200 fuel assemblies [34]. They are designed 
to keep water under high pressure so it can reach high temperatures without boiling. Water from 
the reactor and in the steam generator never mix to avoid contamination, which helps to keep the 
contamination in the reactor area.  
These reactors must use enriched uranium as their fuel, because of the use of light water. 
Light water would absorb too many neutrons, requiring the use of higher concentrations of fissile 
U-235. The enrichment generally increases concentration from 0.7% to 4% [22]. The enriched 
uranium is packed into fuel rods and assembled into a fuel bundle, 200-300 rods are in each 
bundle, with a large PWR containing 150-250 bundles, or approximately 80-100 tons of 
uranium. The bundles are arranged vertically in fuel tubes within the core and are pressurized 
with helium at about 3.4 MPa which helps to control pressure inside the tubes to avoid ruptures.  
Light water is used as the coolant and moderator. Because light water absorbs a lot of 
neutrons it does not make a good moderator compared to deuterium oxide. But using light water 
as a moderator improves the safety features, reducing the chance for an uncontrolled chain 
reaction to occur.  
The key feature of this type of reactor is that the water is pressurized. As pressure 
increases, the boiling point also increases and allows water to operate at extremely high 
temperatures without boiling to steam. The higher pressures allow for greater power output and 
higher thermal efficiency. Water enters the reactor at 2900C and by the time it exits it is around 
3250C [22]. The pressure needs to be 15 MPa to maintain liquid water at the increased 
temperature. Because the water is always liquid throughout the process the control rods can be 
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placed in the top of the reactor. This is an additional safety feature because in the event of 
electrical power failure, the control rods will fall into the reactor chamber with gravity, stopping 
the reaction from getting out of control. The hot water from the reactor flows through inverted 
U-tubes, which act as a heat exchanger, heating up the secondary loop of water in the steam 
engine [22]. The steam generator is at a lower pressure, so it can boil to steam, which passes 
through the turbines generating electricity. Large reactors can have up to 4 steam generators.  
Boiling Water Reactor 
Boiling water reactors use light water as the coolant and neutron moderator, the second 
most common reactor in the world. Maximum operating temperatures are ~2850C. The Carnot 
efficiency, which is the maximum theoretical efficiency, is 46%, however realistic efficiency is 
33-34% [20]. Around 90-100 rods of uranium are in each bundle and there can be up to 750 
bundles in a single reactor. There is only one primary loop in the boiling water reactor, allowing 
the light water to cool down the fuel at the same time it heats up the steam. This helps lower 
development costs. BWRs must operate at a high pressure, but still at a lower pressure than 
pressurized water reactors. A BWR needs to be larger than a PWR to make up for the specific 
power loss, this adds cost in comparison to a pressurized water reactor. Ultimately, the costs of a 
boiling water reactor and a pressurized water reactor are about the same because the BWR does 
not need as thick of walls, which saves cost.  The main difference between boiling water reactors 
and pressurized water reactors is that PWRs do not convert water in the core to steam, thus 
needing two loops for its operation [20]. Overall, less water is needed in boiling water reactors 
than pressurized water reactors, but the water becomes radioactive in its circulation. Since the 
water becomes radioactive, extra shielding is required in the non-reactor parts of the power plant 
[20]. 
 
Future nuclear power: 
Since the beginning of commercial nuclear power in the 1950s, the scale of power plants 
has increased from 60 MWe to upwards of 1600 MWe [44]. As nuclear energy generation has 
scaled up, these plants have become increasingly expensive and more difficult to maintain. 
Recently, the industry has shifted away from large power plants to researching the development 
of Small Modular Reactors. SMRs are gaining popularity because of their small size, modular 
designs and potentially massive reduction in capital investments.  
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Two of the main issues that current PWR and BWR plants face is the cost of production 
and maintenance, ranging in the billions of U.S dollars, along with the large geographical 
footprint of the reactor facilities. Both challenges are pushing researchers to develop smaller 
cost-effective reactors that can be scaled up or down depending on the needs of the power grid it 
is operating on. The modular design allows for an efficient manufacturing process, enabling 
companies to produce and assemble the components within one facility, potentially greatly 
reducing production costs. The most appealing feature of SMR technology is the small size and 
weight properties. The compact size of these reactors enables the transportation of the parts and 
fully assembled units across the globe by means of railroad, freight trucks, potentially cargo, 
planes and ships [44] (Figure 4). This opens the possibility for rural locations to gain access to 
sustainable, carbon free electricity. The modular design of SMRs enable vendors to supply 
varying amounts of power depending on a location’s demand. If more power is needed in an 
area, the modularity allows for more reactors to be added onto the power grid, rather than having 
a static energy output.  
 
Figure 4: ORNL SmAHTR concept image for the transportation of the reactor on a flatbed truck. Adapted from 
Greene, S. R. et al. Pre-Conceptual Design of a Fluoride-Salt-Cooled Small Modular Advanced High-Temperature 
Reactor (SmAHTR). Oak Ridge National Laboratory, 2010, 
https://info.ornl.gov/sites/publications/files/Pub26178.pdf 
  
SMR technology has been gaining interest among industry leaders but is not a new 
concept. Modern day naval ships, such as aircraft carriers and submarines operate using small 
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nuclear power generators. Along with use in military applications, many research reactors being 
used today are 300 MWe or less electrical output, classifying them as SMRs. Although there is 
experience with this type of reactor, the difficulty in establishing a licensable SMR is still a 
challenge. The current licensing requirements for SMRs are like that of traditional nuclear plants 
[44]. The United States Department of Energy (DOE) is supporting the development of light-
water cooled SMRs and have designs currently being reviewed by the Nuclear Regulatory 
Commission (NRC), but most likely won’t see commercial operation for 10-15 years [44]. Most 
of the funding for SMRs is being done by private companies who are investing in this technology 
for the social goal of reducing the global carbon footprint.  
 Research in Generation IV reactors and SMR variants have been closely tied together. 
The common types of SMRs being researched are light-water cooled, graphite-moderated, fast 
neutron, and molten salt reactors. These are part of the Generation IV Forum (GIF) design of 
nuclear reactors and are defined by their various coolant options and passive safety features. 
 
Light Water Reactors (LWR) 
The light water variant of the nuclear reactor is the most employed for power generation 
to date. These reactors are defined using light water, 1H for the reactor moderator and coolant. 
These pose the lowest technological risk and regulatory hurdles as LWRs have been around since 
the beginning of commercial nuclear power [44]. The use of light water as a moderator can be 
adapted to SMR technology, with designs including the main steam generation components 
inside the reactor vessel. The NRC is actively reviewing design proposals for light water SMRs 
from companies such as B&W, Westinghouse and NuScale and see these designs as “near term 
LWR” options for SMR technology. The NuScale design is slated to be under construction in 
2020 and operational in 2023. They are proposing that the cost of the reactor will reach as low as 
$4200/kW hour [44], which when compared to the cost of conventional nuclear plants ($5500 - 
$8100/kW hour) [37], is considerably lower. Westinghouse is proposing an LWR small modular 
reactor, which will output 225 MWe and is transportable by train. As of 2015 Westinghouse is 
looking to partner with the UK to license the technology in the United Kingdom, and eventually 
bringing the technology to the United States [44]. 
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Fast Neutron Reactors (FNR) 
Fast Neutron reactors are different than light water reactors because they do not use a 
moderator to slow down the neutrons. These reactors operate in the fast neutron energy spectrum 
(average neutron energy 1 MeV) [2 44]. They are typically smaller and simpler than LWR 
because of their independence from having to implement a moderator and pressure controls. 
Normally, these reactors are cooled by liquid metal, most notably liquid sodium or lead.  
Liquid metal coolants enable operation of the reactor at temperatures between 500-550°C 
and near atmospheric pressure (1 atm) [12] This is unlike the LWR which must operate at high 
pressures to keep the light water liquid at the operating temperatures of the reactor. FNRs 
introduce a host of passive safety features, the main being the negative temperature reactivity 
feedback. As the coolant temperature increases the reactivity of the reactor decreases, removing 
the chance of a core meltdown without the intervention of a human operator [44].  
 
Figure 5: Schematic of a lead cooled fast reactor (LFR). Adapted from Idaho National Library 
 
Figure 5 above shows a generalized version of a lead cooled fast reactor (LFR), which is 
an example of a fast neutron reactor. Electricity is generated by steam turbines that run a 
generator. Steam is generated by circulating the high temperature lead coolant around the outside 
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of U-tube heat exchangers. Within these heat exchanges is water, which in turn is boiled off into 
steam and directed into a main coolant loop used to power the generator turbine.  
There are safety concerns with both sodium and lead cooled reactors. Sodium cooled 
reactors need extra design consideration in order to ensure that air or water does not encounter 
the sodium coolant, or else a violent reaction could occur resulting in an explosion within the 
reactor vessel. Lead cooled reactors have an average operating temperature of 600°C, which at 
this temperature molten lead is corrosive and quickly corrodes the surrounding vessel walls [44]. 
They are suitable or small reactor profiles because the exclusion of a moderator reduces the need 
for additional components to regulate the moderator and pressure levels. 
Molten Salt Reactors (MSR) 
This project focused on modeling a molten salt SMR reactor, specifically based on the 
SmAHTR proposal by ORNL [14]. Molten salt reactors are defined using molten fluoride salts 
as a primary coolant, and dissolving the uranium fuel into the salt, creating a fuel coolant 
mixture. Like the fast neutron reactors, the fluoride salt coolant can operate at high temperatures 
and low pressures. These molten salt reactors are based on designs first implemented in the 
1960s and have been resurfaced after the Generation IV Forum decided on the molten salt 
reactor as one of the six primary reactor designs to research for future use [44]. The advantages 
of this type of reactor come from its fluoride salt coolant which allow it to reach average 
temperatures of 700°C, resulting in higher thermal efficiency [12]. The maximum theoretical 
efficiency of a heat engine is explained by the Carnot Efficiency described in Equation 2 [32]: 
 
 𝛈 (%) = 𝟏 −
𝐐𝐂𝐨𝐥𝐝
𝐐𝐇𝐨𝐭
× 𝟏𝟎𝟎                                                                                                     (2) 
 
 The efficiency of the engine is described by η , a function of the heat input at high 
temperature (QHot) and the heat rejected at low temperatures (Qcold). The heat rejected is 
always relative to the outside temperature of the reactive, which, in most cases, is equivalent to 
room temperature. The key to increasing the reactor efficiency is to increase the heat input at 
high temperatures. This is done by raising the coolant temperature in a reactor, which is an 
advantage of using a fluoride salt coolant. The passive safety features of a molten salt reactor 
allow it to be maintained without constant human operator control. MSRs have a negative 
thermal reactivity feedback. As the temperature of the coolant rises from increasing fission 
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events the reactivity of the reactor decreases [12]. Additionally, the advantage of having the fuel 
and coolant in a homogenous mixture, allows for the setup of emergency fuel-coolant dump 
tanks that will quickly quench the reaction. If the temperature within the vessel rises too high, 
freeze plugs at the bottom of the vessel will melt, and the fuel-coolant mixture will drain into 
dump tanks. These dump tanks are integrated with a heat sink that will act to keep the fuel 
mixture cool and prevent a meltdown [47]. It is for these reasons why the ORNL SmAHTR 
reactor was chosen to be the model for this project’s dosimetry research. The SmAHTR was 
designed as a molten fluoride salt reactor, intended to be transported by freight truck to its 
desired destination. 
 
Fission process and core components of reactor 
Neutron Generation 
The fission of heavy elements results in the release of excess neutrons and energy, the 
number of neutrons in heavy elements is about 1 to 1.5 times the amount of their protons [45]. 
The heavy fissile elements have an excess of neutrons compared to the lighter elements that they 
split into during fission. Excess neutrons come from the fact that the fission products produced 
from splitting heavier elements results in a net increase of neutrons, since for the light elements 
to form a stable configuration they need less neutrons then what was started with from the fissile 
material. During a U-235 reaction on average 2.44 neutrons are produced during each fission 
event, which allows for a chain reaction to start [45]. Excess energy is produced because of the 
binding energy difference of heavy elements compared to lighter elements.  Elements with 
lighter atomic mass have higher binding energy than heavy elements (Z ≥ 83).  When a nucleus 
is formed it releases energy. This energy is equal to the sum of each individual nucleon’s binding 
energy. The heavier elements decay into two lighter daughter elements with combined greater 
binding energy. This difference in energy is given off as heat. 
 
Core Reactor Components 
 There are five components of nuclear reactors that are common among all variants of the 
reactors. These parts are essential to both function and safety. The five components consist of the 
fuel, moderator, coolant, control rods, and the reactor vessel. Each of these components work 
together to sustain chain reactions, moderate power output and protect against harmful radiation. 
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Figure 6 shows how the core components work together to generate power using a PWR as an 
example. For LWRs water serves as both the coolant and moderator.  
 
 
Figure 6: Schematic of Pressured Water Reactor (PWR), displaying the core components of the reactor. Adapted 
from “Nuclear Power Reactors”. World Nuclear Association, Apr. 2020, https://www.world-
nuclear.org/information-library/nuclear-fuel-cycle/nuclear-power-reactors/nuclear-power-reactors.aspx  
 
Nuclear fuel is where most of the heat is generated in the reaction. There are four fissile 
isotopes that can create fission reactions: U-233, U-235, Pu-239, Pu-241 [45]. The most used 
fuel is enriched U-235 in the form of small pellets of Uranium Dioxide. The purpose of the fuel 
is to drive the fission reaction, set up a chain reaction and produce the sustainable fission chain 
necessary to generate heat that can be exchanged for steam and thus drive a turbine and generate 
electricity. Most of the heat generated from the reactor is the result of kinetic energy dissipation 
of fission products that occur very close to the fuel. The fuel heats up and requires a coolant to 
continuously extract the heat from it to keep the fuel from degrading.  
The moderator is critical to a reactor’s function. Neutrons are used to induce fission in 
heavy nuclei, U-235, U-233, Pu-239, Pu-241, but after a fission event occurs and neutrons are 
produced from the reaction, they are traveling so fast that the likely hood that they are absorbed 
and cause a fission event in our fissile nuclei is very low. The purpose of the moderator serves to 
slow down the neutrons through elastic collisions between the neutrons and the nucleus of the 
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moderator atoms. By colliding with the moderator, the neutrons lose some of their kinetic energy 
and drastically slow down, increasing the probability that the neutrons will hit a fissile nucleus 
and call a fission event. Typically, the moderator is light water, heavy water, or graphite. These 
materials have good neutron interaction properties without having a high absorption [45]. Light 
water can only be used in reactors that have enriched U-235, to 3-5%, since light water absorbs 
too many neutrons for U-235 to sustain a reaction, unless it is enriched. Heavy water can utilize 
natural uranium, 0.7% U-235.  
The coolant continuously transfers heat from the reactor core through a heat exchanger to 
generate steam. Often the moderator and coolant are the same material and do both roles at once. 
The coolant serves to extract heat from the reactor core and helps to regulate the temperature of 
the fissile fuel. Maintaining the temperature of the fuel assemblies is important to preserve the 
lifetime of the fuel and reduce degradation effects. Additionally, the coolant material cannot 
have a high neutron absorption cross section. This ensures it does not reduce the likely hood of 
sustaining a fission chain reaction [45]. 
Control rods are crucial for an active safety measure. They allow the operators to control 
the power output of the reactor. They are made of highly absorbent neutron materials, (i.e. boron 
carbide, cadmium, hafnium). Control rods are lowered in between the reactor fuel rods to absorb 
neutrons which slows down the fission process or removed from the core to increase power 
output by increasing neutron production and subsequently more fission [45]. In the event of a 
reactor overload control rods ensure we can quench a reaction and stop it before it gets out of 
hand. The process of dropping all the control rods at once is known as SCRAM. 
These components are arranged to give maximum heat transfer and control. The 
arrangement in the core is designed to allow for adequate neutron generation while leaving room 
for control rod intervention. Usually the fuel rods containing the fissile fuel are arranged very 
close together in order to increase the chance of fission [45]. Space is left between the rods so 
that the coolant and moderator can flow between the assemblies, allowing for moderation of 
neutrons as they are produced in one fuel rod and travel to an adjacent one. This space also 
allows control rods to be plunged in between the fuel rods absorbing most of the neutrons 
produced if the reaction needs to be slowed down.  
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Figure 7: Control rods plunged between fuel rods (left), control rods removed from reactor core (right). Grayson, 
James. Control Rods in Nuclear Reactors. Stanford University, 17 Feb. 2011, 
large.stanford.edu/courses/2011/ph241/grayson1/  
   
Figure 7 shows the interaction between control rods and the fuel core. When a fission 
reaction needs to be slowed down the rods are plunged in between the fuel assemblies (left) and 
removed when more power is needed (right).  
The reactor vessel houses the components described above and is critical for protecting 
operators and civilians from radiation hazards associated with core fission. The vessel must be 
constructed to withstand the high pressure demands of the current PWR and BWR reactors. 
Typically, the reactor vessels are made from alloy carbon steel [53]. To protect the reactor vessel 
from the neutron exposure caused from core neutron leakage, the vessel walls are plated “with a 
minimum of about 3 to 10 mm of austenitic stainless steel in order to minimize corrosion” [53]. 
This research will focus on two main aspects of reactor design to evaluate the safety of potential 
SMRs. We will simulate a simple reactor core inside a suitable vessel. The core will consider the 
fuel, moderator and coolant geometry. The reactor vessel will be simulated to consider SMR size 
and weight constraints discussed in Methodology 3.2, while maintaining the necessary properties 
of typical pressurized vessels.  
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Radiation risks associated with fission  
 
Ionizing Radiation  
Ionizing radiation is radiation with enough energy so that during an interaction with an 
atom, it can remove tightly bound electrons from the orbit of an atom, causing the atom to 
become charged or ionized [50]. This occurs in two forms, waves or particles. A longer 
wavelength and lower frequency, such as heat and radio waves, have less energy than shorter 
wave lengths and higher frequencies which include X-Rays and gamma rays. Only the high 
frequency portion of the electromagnetic spectrum, for example X-rays and gamma rays, are 
ionizing. Particulate radiation, which is a form of ionizing radiation, carries energy in the form of 
kinetic energy. Alpha and beta particles are considered directly ionizing. They carry a charge and 
can interact directly with atomic electrons through coulombic forces [3 4]. A neutron is an 
indirectly ionizing particle. Indirectly ionizing meaning it does not carry an electric charge. 
Ionization is caused by charged particles, which are produced during collisions with atomic 
nuclei. Gamma and X-Rays are electromagnetic, indirectly ionizing radiation. They do not 
interact with atomic electrons through coulombic radiation [11]. 
We quantify the effect of ionizing radiation on the human body by the amount of energy 
that was imparted or absorbed. In order to know the biological effects of ionizing radiation on 
the body, the amount of energy deposited per unit mass of the specific part or whole body must 
be determined.  The SI unit of absorbed dose is referred to as gray (Gy) and it is equal to one 
joule of energy deposited in one kilogram of mass. The biological effect of radiation depends not 
only on the amount of the absorbed dose but also on the intensity of ionization in living cells. 
The intensity of ionization is caused by different types of radiation. Neutron, proton, and alpha 
radiation can all cause 5-20 times more harm than the same amount of absorbed beta or gamma 
radiation [50]. Equivalent dose given in the unit Sievert (Sv) is a quantification for radiation dose 
received, trying to consider the biological effects different types of ionizing radiation may cause 
[24]. Each member of the public on average is exposed to 2.4mSv/yr. of ionizing radiation from 
natural sources.  
Ionizing radiation can travel unseen, pass through various materials, and the activity can 
alter the molecules within the cells of the body.  Skin and tissue damage can occur with intense 
exposure. There are several known sources of natural ionizing radiation, which include space, the 
earth, radon, and some building materials. Ionizing radiation exposure is also present through 
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manmade devices and treatments, including nuclear reactors, X-Ray machines, CT scans, PET 
scans, fluoroscopy, and nuclear medicine procedures. When atoms in living cells become ionized 
one of three things usually happens; the cell dies, the cell repairs itself, or the cell mutates 
incorrectly and can become cancerous. It is important to know that not all cells are affected in the 
same way. Cells that reproduce the most and are the least specialized are the most likely to be 
affected by ionizing radiation [7]. 
 
Types of Ionizing Radiation 
Alpha Decay: 
 
Alpha decay is a form of radioactive decay that certain atoms use to become more stable. 
It is characterized when an atom decays into a daughter element and an alpha particle [48]. An 
alpha particle is a positively charged atom with two protons and two neutrons, therefore making 
the alpha particle a Helium nucleus. Almost all naturally occurring alpha emitters are heavy 
elements, Z ≥ 83. Alpha decay occurs in a nuclear reactor core because of the Uranium-238 
isotope. Most of the reactor fuel is comprised of this naturally occurring uranium isotope, U-238, 
which has the following alpha decay [49]: 
 
𝐔𝟗𝟐
𝟐𝟑𝟖  →  𝐇𝐞𝟐
𝟒 + 𝐓𝐡𝟗𝟎
𝟐𝟑𝟒                                                                                                      (3) 
 
The unstable Uranium-238 nuclei undergoes alpha decay by emitting an alpha particle 
and transmuting into Thorium-234. 
Binding energy dictates stability of an atom, and heavier elements gradually decrease 
binding energy as atomic number increases. The heavy elements can then split into lighter 
elements increasing their binding energy. Therefore, alpha decay is typical of heavy elements.  
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Figure 8: Binding Energy as a function of mass number. Adapted from “10.3: Nuclear Binding Energy.” Chemistry 
LibreTexts, Libretexts, 9 May 2020, 
https://phys.libretexts.org/Bookshelves/University_Physics/Book%3A_University_Physics_(OpenStax)/Map%3A_
University_Physics_III_-
_Optics_and_Modern_Physics_(OpenStax)/10%3A__Nuclear_Physics/10.03%3A_Nuclear_Binding_Energy  
 
The figure above shows how the binding energy decreases for heavier elements. The 
maximum binding energy occurs with Fe-56. To the left and right of this energy are the regions 
where nuclear fusion and fission are exothermic reactions, respectively.  
The energy released during alpha decay is shared by the alpha particle produced and the 
recoil of the daughter nucleus. The alpha particles have much more energy than the recoil 
nucleus because of their significantly smaller mass. Using the conservation laws, it can be 
determined that the energy of the alpha particle is given by Equation 4 where Eα, m, and M is the 
energy of the alpha particle, mass of the alpha particle, and the mass of the daughter nucleus 
respectively. 
 
𝑬𝜶 =
𝑴𝑸
(𝒎 𝑴)
                                                                                                        (4) 
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From Equation 4, it is seen that alpha particles occur with discrete values of energy, that 
is determined by the daughter nucleus.  
 
Beta and Positron Decay: 
Beta (β) decay is when a nucleus simultaneously emits an electron, or negative beta 
particle, and an anti-neutrino, both are created at the time of decay. For beta decay to occur the 
mass of the parent atom must be greater than the mass of the daughter atom. Beta decay occurs 
in a nuclear reactor because of the transition of U-238 to Th-234 as seen in Equation 3. Thorium-
234 decays into Protactinium-234 through beta decay. The decay equation is given by:  
 
𝐓𝐡𝟗𝟎
𝟐𝟑𝟒  →  𝐞𝟏
𝟎 +  𝐏𝐚𝟗𝟏
𝟐𝟑𝟒 +  𝝊                                                                                                 (5) 
 
Like alpha decay the recoil nucleus has a negligible amount of energy because of its large 
mass. Therefore, the total kinetic energies of the decay are described by just the beta particle and 
the anti-neutrino: 
 
𝐐 = 𝐄𝛃 + 𝐄𝛎                                                                    (6) 
 
Compared to alpha decay, which has discrete energy values, beta decay has a continuous 
energy that can be any value between 0 ≤ Eβ ≤ Q and depends on the relative direction of the 
beta particle, anti-neutrino, and recoil nucleus momenta. Beta emitters can also be accompanied 
by gamma emission and two common examples of those are, 60Co, and 137Cs [48].   
Positron decay is another form of beta decay, but instead of producing an electron, a 
positive electron is produced. A positron is identical to an electron, but instead of a net negative 
charge, the positron has a net positive charge. Along with a positron being produced, a neutron is 
also emitted during positron decay.  
 
Neutrons: 
 The main radiation risk associated with nuclear power is the constant generation of 
neutrons. Neutrons are electrically neutral particles that have approximately the same mass as a 
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proton. On average 2.44 neutrons are produced during the Uranium-235 fission process, along 
with neutron production from various radionuclide and beta decay [45]. The two decay chains of 
fissile U-235 are given by the following decay equations [49]: 
  
𝐧𝟎
𝟏 + 𝐔 𝟗𝟐
𝟐𝟑𝟓 →  𝐔𝟗𝟐
𝟐𝟑𝟔
𝟖𝟓%
⎯ 𝐟𝐢𝐬𝐬𝐢𝐨𝐧 + 𝟐. 𝟒𝟒 𝒏𝟎
𝟏                                                                 (7) 
𝐧𝟎
𝟏 + 𝐔 𝟗𝟐
𝟐𝟑𝟓 →  𝐔𝟗𝟐
𝟐𝟑𝟔
𝟏𝟓%
⎯ 𝐔𝟗𝟐
𝟐𝟑𝟔 + 𝛄𝟎
𝟎                                                                               (8) 
 
The fission in Equation 7 is accompanied by on average 2.44 neutrons and most commonly  
Kr-94 and Ba-139, which are unstable radioactive nuclides. Approximately 15% of the reactions 
between an incident neutron and U-235 are neutron capture. This results in the creation of U-236 
and a gamma ray of energy 0.495 MeV, 0.113 MeV, or .171 MeV [25] depending on the 
excitation of the nucleus.  
Although most of these neutrons are used in continuing the fission reaction and 
moderated within the core, inevitably some leak out of the core. Shielding is particularly 
challenging for neutrons because they do not interact with the electrons in matter.  
Neutrons interact with the nucleus of an atom in multiple ways. Neutrons can be 
scattered, elastically or inelastically. Typically to attenuate neutrons we rely on elastic scattering 
interactions between neutrons and light elements. The closer the mass of an atomic nucleus is to 
the mass of a neutron the greater the energy attenuation. The neutron will impart most of its 
energy to the target nucleus and either the neutron will be absorbed or scatter with an energy low 
enough to significantly reduce its risk to humans. Inelastic scattering is generally uncommon and 
occurs when neutrons collide with heavy element nuclei, resulting in kinetic energy lower after 
the collision than before. This makes heavy element shielding insufficient for neutron 
attenuation, as the remaining collision energy is used to excite the nucleus causing a gamma ray 
emission. Neutrons also interact with matter through capture reactions. The probability that a 
neutron will be absorbed by an atomic nucleus is given by quantities called, neutron cross 
sections, s, and are measured in units of barns. The capture cross section determines the 
probability that an incident neutron will be absorbed by a target nucleus. Neutron cross sections 
are dependent on the energy of the neutron and the target element. Figure 9 shows the neutron 
elastic scatter (green) and capture (blue) cross sections for Xenon-135.  
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Figure 9: Elastic and radiative capture neutron cross sections for Xe-135. Adapted from  “Xenon-135.” Reactor 
Physics. Web. https://www.nuclear-power.net/nuclear-power/reactor-physics/reactor-operation/xenon-135/  
 
Neutron matter interaction is complex and requires a multi-level shielding approach to 
effectively reduce the risk of neutron radiation.  
 
Gamma Emission: 
Gamma rays can be produced from excited daughter nuclei following radioactive decay. 
Gamma Ray spectra are discrete and characteristic of the radionuclides present. They are usually 
emitted quickly after radioactive decay to an excited state, but some nuclei do not behave like 
that. Gamma Rays penetrate matter fundamentally different from that of charged particles.  
During the operation of a reactor, it is extremely important to consider the production of 
gamma rays from the continuous decay of radionuclides. Since gamma rays are high energetic 
photons the electroneutral characteristic poses a major threat. The decay model described in 
Equation 3, describes just the alpha decay of U-238, but during that decay, two weak gamma 
rays are produced, 0.0496 MeV and .114 MeV [25]. The full decay of U-238 is given by 
Equation 5:  
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𝐔𝟗𝟐
𝟐𝟑𝟖  →  𝐓𝐡𝟗𝟎
𝟐𝟑𝟒 +  𝐇𝐞𝟐
𝟒 +  𝟐 𝛄𝟎
𝟎                                                                                    (9) 
 
Reactor fuel is composed of enriched uranium to achieve higher concentrations of the 
fissile U-235 isotope. Currently, the commercial levels of enriched uranium are between 3-5%. 
Within a reactor, the fuel is majority comprised of U-235 and U-238 which produce neutrons, 
alpha particles, beta particles, and gamma rays through fission and radioactive decay. The 
presence of all types of ionizing radiation make shielding reactors a unique challenge.  
 
Shielding Nuclear Reactor Radiation: 
Main factors for minimizing ionizing radiation 
There are three general guidelines for controlling exposure to ionizing radiation: 
 Minimizing exposure time 
 Minimizing distance from source 
 The use of shielding 
Time: 
Radiation exposure increases and decreases with the time people spend near the source of 
radiation. The maximum time to be spent in the radiation environment is defined as the “stay 
time”: 
 
𝐒𝐭𝐚𝐲 𝐭𝐢𝐦𝐞 =  
𝐄𝐱𝐩𝐨𝐬𝐮𝐫𝐞 𝐥𝐢𝐦𝐢𝐭
𝐝𝐨𝐬𝐞 𝐫𝐚𝐭𝐞
                                                                            (10) 
 
Distance: 
The farther from the source the less exposure. Distance is a prime concern when dealing with 
gamma rays, because they can traverse matter with limited attenuation. Alpha particles can only 
travel a few inches and beta particles only around 10 feet [35]. The radiation fall-off is 
proportional to 1 𝑟  , where r is the distance from the radiation source. Radiation intensity 
decreases quickly as a function of distance and getting further from a source greatly decreases 
the potential harmful effects from a radioactive source.   
 
Shielding: 
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As ionizing radiation passes through matter, the intensity of the radiation is diminished. 
Shielding is the placement of an “absorber” between you and the radiation source [30]. 
Absorbers are materials that reduce radiation from the radiation source to you. Alpha, beta, and 
gamma radiation can all be stopped by different thickness of absorbers. 
Alpha particles have very short penetrative ranges because of their relatively large mass. 
There is minimal external hazard from alpha particles, but if ingested they can pose a serious 
problem [48]. Ingested alpha emitters will seek out various organs and dose out high amount of 
energy to the body tissues. A common alpha emitter is Radon, which is found naturally in soil. 
Over exposure to Radon gas can pose a radiation hazard because of internal alpha emission. 
Additionally, alpha decay can leave the nucleus in an excited state, leading to the emission of a 
gamma photon or in some cases a characteristic X-Ray from internal conversion. These gamma 
and X-ray photons can cause damage, since they have a fundamentally stronger penetrating 
power than alpha particles. [48]. Alpha particles pose minimal safety risk for humans during the 
operation of a nuclear reactor because of their short penetrative distances. The reactor core 
components and vessel walls are enough to absorb alpha particles before they can cause an 
external threat.    
Unlike alpha particles, beta emission can have enough energy to penetrate the skin and 
can be an external radiation hazard. High energy beta particles (in the MeV range) can emit 
Bremsstrahlung, particularly in heavy metal shielding. 
Bremsstrahlung is electromagnetic radiation produced by the acceleration or especially 
the deceleration of a charged particle (common with electrons) after passing through the electric 
and magnetic fields of a nucleus [48]. To reduce the effects of Bremsstrahlung radiation, a beta 
source is shielded by a light nuclei material, which is then shielded by a heavy nuclei material.  
Beta and positron decay both can leave the nucleus in an excited state, leading to the 
emission of gamma rays. But unique to positron decay is the release of annihilation photons with 
energy 0.511 MeV. Positrons slowdown in matter and annihilate with an electron giving rise to 
two photons each having energy of 0.511 MeV and traveling in opposite directions. There can 
also be characteristic X-rays emitted from the atomic shell vacancy following electron capture 
(electron capture competes with positron decay) [48]. The risk associated with beta and positron 
decay in a nuclear reactor is with the neutron and gamma ray generation that is accompanied by 
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these decay models. Neutrons and high energy photons are the principal radiation hazard when 
designing adequate shielding for nuclear reactors. 
 
Neutrons 
 
Neutrons are both the most prevalent source of radiation and most difficult to control in a 
reactor. The main challenge with neutrons is that they are electrically neutral particles. For this 
reason, neutrons interact with matter very differently than other forms of radiation such as alpha 
and beta particles, which carry an electrical charge. The coulombic interaction that alpha and 
beta particles experience as they interact with matter is the primary mechanism for which they 
lose their energy. The force between two charged particles is given by Coulomb’s Law, Equation 
11: 
 
𝑭  =
 𝒌𝒒𝟏𝒒𝟐
𝒓𝟐
                                       (11) 
 
From Equation 11 the force on a charged particle is affected by both the magnitude of the 
charge’s interacting and the distance between the particles. This force interaction leads to the 
main form of attenuation for charged particles, which is ionization. Ionization occurs when the 
incoming charged radiation imparts an attractive or repulsive force large enough to strip an 
electron from the shielding material’s atom [17]. This mechanism quickly leads to the charged 
radiation to lose their energy and become unable to penetrate far into materials. Unfortunately, 
this is not a property that we can rely on to shield neutrons because they do not interact using the 
Coulombic force. In order to attenuate neutrons, we must take advantage of the law of 
momentum conservation shown below:  
 
𝒎𝟏 ∗ 𝒗𝟏  ⃗  =  𝒎𝟐 ∗ 𝒗𝟐  ⃗                        (12) 
 
The basics of shielding against neutrons comes down to physical collisions between the 
shielding material’s nucleus and the neutron itself. Since kinetic energy is proportional to an 
object’s velocity squared, the goal is to severely reduce the neutrons velocity post collision. The 
ideal situation is to use a material that has a low atomic mass, as that will allow for a near elastic 
35 
 
collision between the incident neutron and atomic nucleus. The closer the shielding material’s 
atomic weight is to the mass of the neutron the better it will be at stopping a neutron. Take a 
billiard ball as an example, if two identical billiard balls collide and one is stationary to begin 
with, in a perfect world the moving ball will transfer all its energy to the stationary billiard. The 
ball initially moving will now have zero energy and therefore have no velocity [38]. This is the 
case for a neutron interaction with a material of atomic mass close to that of the incoming 
neutron. Shielding with larger atoms is not effective, as the neutrons will scatter off the heavier 
nuclei and maintain much of their kinetic energy depending on how heavy the interacting nuclei 
is. Common materials used to shield against neutrons are concrete, polyethene, and water, as all 
of these are comprised of elements that have a low atomic mass. High density concrete is 
effective as both a neutron and photon shield and is often used around nuclear reactor facilities.  
Absorption is another common way to shield against neutron radiation. Materials such as 
boron, cadmium, and lithium have a large neutron absorption cross section (σa). Figure 10 shows 
σa, for various elements and how it is dependent on the energy of the neutron.  
 
 
Figure 10: Absorption cross sections for both thermal and fast neutron energies. “Shielding of Neutron 
Radiation.” Reactor Physics. Web. 10 Mar. 2020 https://www.nuclear-power.net/nuclear-power/reactor-
physics/atomic-nuclear-physics/fundamental-particles/neutron/shielding-neutron-radiation/ 
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Currently the most prevalent reactors, the PWR and BWR operate in the thermal neutron 
range. The neutrons are moderated to approximately 0.025eV and at this energy boron, cadmium 
and lithium are extremely effective neutron absorbers, as their absorption cross section is very 
high [38]. 
 Absorbing neutrons is an effective solution for reactor safety but comes with the 
secondary effect of producing high energy gamma radiation. When an atomic nucleus absorbs a 
neutron, it is possible for that energy to be large enough that it causes an energy transition within 
the target’s nuclei resulting in an emission of a gamma ray. Transitions within an atom’s nucleus 
results in a release of energy in the spectrum of gamma radiation [11]. This secondary gamma 
radiation is dangerous for human exposure and requires additional shielding considerations. 
  
Gamma radiation 
Gamma emission can pose severe hazards because of its interaction with matter. Since 
photons are charge-less and have zero rest mass, they can penetrate traditional shielding far more 
than alpha and beta particles, like neutrons.  
 
To reduce a typical gamma ray by a factor of a billion the following approximate thicknesses 
values are used [35]. 
 13.8ft of water 
 6.6ft concrete 
 1.3ft of lead 
Because photons do not interact with matter through electromagnetic forces, shielding is 
much more difficult. In order to effectively shield against photon radiation, the use of highly 
dense and large atomic numbered elements is deployed. This will increase the likely hood that 
the high energy photon will interact with the nucleus of the shielding material’s atoms and cause 
elastic scattering. The higher the energy of the gamma ray, the thicker the shield needs to be. 
The intensity of a monoenergetic photon after interaction with a shielding material is given 
by Equation 13 [39]. 
 
𝐈 =  𝐈𝐨𝐞
𝛍𝐱                (13) 
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where I is the intensity, I0 is the incident intensity, μ is the linear attenuation coefficient (cm-1), 
and x is the thickness of the shielding material. The linear attenuation coefficient is a measure of 
the shielding effectiveness. This coefficient increases as the atomic number of the shielding 
material increases but decreases with increasing energy of the photon. The more energetic the 
photon the harder to shield it becomes, which is why gamma rays pose an extreme radiation 
hazard. 
 
Monte Carlo N-Particle Transport Code 
 
 A common approach to study neutron and photon interaction within matter is to use 
computer simulations to study the particles behavior. There are two approaches to take when 
solving particle interactions, the Deterministic and Monte Carlo method. The Deterministic 
approach looks to solve the Boltzmann’s transport equation for average particle behavior [5]. 
The Monte Carlo method does not solve this equation, but rather tracks particles throughout their 
lifetime and records specific aspects of the particle’s behavior (tallies) [5]. This project utilizes 
the Monte Carlo method as it is well suited for three-dimensional, time dependent particle 
analysis, and requires less computational power compared to complex deterministic simulations 
[5]. A Monte Carlo simulation is performed by defining the particle (neutron or electron) or 
photon source and assigning material properties to desired geometry. As the code runs, it tracks 
the history of the particle from its creation to its death. Probability distributions are randomly 
sampled using the transport data in the input file and depending on the sampled probability, a 
value between 0 and 1, the code assigns an outcome for that particle event. Built in particle 
physics theory and assigned probability distributions allow the code to track particle interaction 
and eventually tally the users desired outcome.  
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Figure 11: Graphical depiction of Monte Carlo particle transport. Adapted from Briesmeister, J.F. “MCNPTM–A 
General Monte Carlo N–Particle Transport Code”. Dec. 2020, https://permalink.lanl.gov/object/tr?what=info:lanl-
repo/lareport/LA-13709-M   
 
Figure 11 above helps to give a visualization of how a Monte Carlo simulation works. 
The incident neutron, defined by the input file, is tracked throughout time. At event 1, the code 
randomly samples a number between 0 and 1, which represents a probability of what interaction 
and where an interaction will occur at event spot 1. The number’s meaning is determined by the 
physics and transport data within the input code. This process continues until the particle’s death. 
Many particles are tracked at once, and the results are the average behavior of the particles [5]. 
Depending on the user’s input file, various types of results are tallied. For the purposes of this 
project, the energy deposition in units MeV/g was tallied, which allowed the conversion to 
absorbed dose in units of Gray (Gy).  
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Potential Cost and Global Interest in SMR Technology 
The affordability of modular reactors technology  
The recent spark in interest for SMR technology is largely based off two main advantages 
SMRs offer over large power plants. Total capital cost is projected to be less than conventional 
Advanced light water reactors (ALWR) and SMRs can be used in off grid locations. Ideally 
SMRs would be able to be made in factory with minimal component outsourcing and the 
modularity of the parts will help optimize the manufacturing supply chain [37]. Vendors also 
point out that the passive safety features associated with many SMR designs reduce the number 
of structures, systems and often include a simplified power conversion system. Currently the 
estimate from vendors is that in order to optimize the SMR supply chain for low cost, five to 
seven units must be made. Seeing as this type of technology is new there are uncertainties with 
how the actual cost will compare to ALWRs. The total capital cost is broken down into 
investment, operation and maintenance (O&M), and fuel costs [37].  
The initial investment cost is broken down further into the engineering, procurement and 
construction (EPC) costs, and licensing fees [37]. This cost is expected to be lower than 
conventional ALWRs because of the lower absolute cost of parts and shorter construction times. 
Additionally, with the optimized manufacturing process of the modular components, the total 
EPC costs in USD/kWe are projected to be lower. Although there is uncertainty with this cost as 
it heavily relies on the establishment of the optimized supply chain and ability to efficient 
produce the SMR components. The licensing costs are expected to be lower because of the 
simplified structural design and passive safety features but being that SMRs are new territory for 
reactor licensing, it could in fact be similar in costs to license as the ALWRs. 
Operational and maintenance costs include operation, maintenance, administration, 
material supplies, license fees and salaries of personnel. The current O&M costs of ALWRs is in 
the range of $10-$20/MWh [37]. The goal for SMRs is to reach O&M lower than that range but 
is dependent on multiple factors. As it stands, having one operational SMR is expected to have a 
higher O&M than large light water reactors because of the smaller reactor core, causing fuel 
inefficiencies that will raise the cost. Where the price is seen to decrease is when multiple SMRs 
are running together, contingent on regulatory requirements that dictate the amount of personnel 
and security must be present with multiple modular units.  
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Fuel cost is the third component of the total capital investment costs (TCIC) for nuclear 
reactors. It is based on the price of fresh uranium, conversion and enrichment services, fuel 
fabrication and the cost of the back end of the fuel cycle. For ALWRs the average fuel cost is 
$6.5-13/MWh [32]. This portion of the TCIC is the most difficult to estimate because of the state 
of SMR technology. Many of the designs are not finalized and the fuel requirements are 
unknown. The current projection is that for an integrated light water SMR, the fuel cost will be 
higher than ALWRs because of the reduced fuel burn up and high cost of fuel fabrication [32]. 
The fuel cost potentially will decrease with more advanced SMR designs that utilize the fast 
neutron spectrum, allowing for more fuel burnup and the potential to serve as a breeder reactor to 
generate more fissile material.  
 
 
Figure 12:  Graph showing the sum of O&M and fuel costs in USD/MWh for various reactor types as a function of 
power output in MWe. Adpated from Schlissel, David, and Bruce Biewald. Nuclear Power Plant Construction Costs. 
Synapse Energy Economics, Inc, 2008, http://large.stanford.edu/courses/2016/ph241/keller2/docs/schlissel.pdf 
 
 The graph above summarizes the total O&M and fuel cost estimates for large reactors, 
the mPower SMR design proposal and data from vendor estimates fitted to the blue curve. This 
data demonstrates that the cost of nuclear reactors is largely dependent on the electrical output 
capabilities. The price quickly falls off around 150 MWe and in the 300 MWe range of SMR 
technology the price is comparable to large reactors. The consistent factor for reducing SMR 
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costs is the ability to optimize the supply chain to five to seven reactors in a production cycle, as 
well as utilize multiple SMRs simultaneously for power generation. It should be stated again that 
these cost estimates are based off the near and mid-term deployment of the light water variants of 
SMRs and does not consider the potential cost savings for Generation IV SMR designs [37]. 
 
The world’s interest in SMRs 
 Global interest and collaboration are key to the successful implementation of SMR 
technology as a suitable off the grid alternative to fossil fuel electricity generation. There are 
currently about 55 reactors under construction around the world, with major contributions 
coming from the Asian region, where there is an increased demand for energy production [33]. 
Along with the 55 reactors being constructed there are roughly 50 SMR concepts being explored 
around the world [43], mostly within near-term deployment, which could see operation as early 
as 2023. Figure 13 below shows the snapshot of the SMR global development in 2014 gathered 
by the IAEA [37]. 
 
 
Figure 13: 2014 SMR design plans and licensing status in 2014. Adapted from “Small Modular Reactor (SMR) 
Regulators’ Forum”. International Atomic Energy Agency (IAEA), https://www.iaea.org/topics/small-modular-
reactors [Accessed May 14, 2020] 
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 The commercial nuclear power industry is often slow to generate interest and action 
because of the large TCIC and extended licensing process. Small modular reactors are also 
slowly gaining popularity but with the continual social pressure to reduce carbon emissions and 
move to fossil fuel independence, the need for nuclear reactor technology continues to grow. 
SMRs will serve to bridge the gap between large scale power plants and rural power needs, 
allowing clean power to be provided anywhere in the world.  
Chapter 3: Methodology 
Monte Carlo N-particle Simulations 
 The MCNP analysis for this project was constructed in phases. Beginning with a simple 
concrete shielding model.  
Concrete shielding simulation 
MCNP simulations were used to evaluate basic geometric relations of a concrete slab, 
water tally and neutron source, defining a proof of concept that we could get reliable dosimetry 
data. 
The simulation consisted of an isometric neutron point source, a concrete slab and a 
water box detector behind the concrete shield. Figure 14 below shows a 2D and 3D 
representation of the experiment, produced by Vised [46], a graphical interface for MCNP code. 
The colors represent the defined geometric regions used in the simulation. The space in yellow 
defines the atmospheric air and the concrete shield, and water tally box. The neutron tally was 
only performed on the water box. The area in red defines the region where the neutron count is 
not recorded. The neutron source is shown by the cross and indicates the origin of the axis. The 
source was kept mono-energetic and was set to 0.025eV, the average energy of thermal neutrons. 
Thermal neutrons were used because most operating nuclear reactors are PWR and BWR, which 
operate in the thermal energy region. Additionally, a planned experimental recreation of this 
simulation would utilize a neutron generator that could reliably produce a flux of thermal 
neutrons.  
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Figure 14: XY Plane graphical visualization of concrete shielding experiment (left) and the 3D 
representation of the experiment (right) 
The dimensions of the concrete shield were 19x19x1 cm, which was a design parameter 
set for a lab experiment that would follow the model, Methodology section 3.4. Being that this 
was a test simulation for absorbed dose, the F6 tally was utilized within MCNP to collect energy 
deposition in MeV/g on the water tally box. Using the conversion 1 Gray = 6.24x109 MeV/g, the 
output data was converted to absorbed dose. The results for this experiment can be found in 
Results section 4.1.   
Building a 3-D model 
The main components of a small modular reactor concept were modeled using 
SolidWorks 3D computer aided design software. The parts were modeled based off the 
SmAHTR [14] reactor concept proposed by Oak Ridge National Laboratory. The CAD models 
served as a visual representation for the Monte Carlo simulations. This allowed for a smooth 
transition between the model and the transport code geometry.  
Red = Void 
Yellow = Inside 
atmosphere (air) 
Blue = Concrete 
slab 
Green = Water 
tally box 
Cross = neutron 
source 
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Figure 15: The final CAD model of the SmAHTR reactor, including all the major 
components 
 
The figure above shows the detailed model of the reactor and served as the basis for the 
simplified MCNP models. From this reactor, the three main components that were kept were the 
vessel, fuel assembly and cladding.  
Reactor Vessel: 
The reactor vessel was modeled closely with the initial designs proposed by Oak Ridge 
National Laboratory’s for their SmAHTR design [14]. The original design is a molten salt 
reactor and many of the design considerations were made with the intent to cool the reactor with 
molten fluoride salts. There were two main considerations to consider when modeling the vessel. 
The first being the size of the vessel. The goal of both our simulated reactor and the SmAHTR 
parent design is to be able to be transported virtually everywhere in the country or around the 
world and be safely implemented in rural or military locations where power is limited. In order 
to meet this design criteria, the vessel profile had to be constrained to the 80,000-pound gross 
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vehicle that the largest trailer truck could legally transport [9]. Figure 15. shows the final 
modeled component and it measures 9m long (~30ft) in length with a maximum lid diameter of 
5.5m (~18ft). These dimensions are well under the current standard for weight load of a 53 ft 
shipping container. The cylindrical shape was modeled after the SmAHTR design and is a 
common shape for SMR reactor vessels. This shape fits the profile of most reactor core 
assemblies, suitable for liquid cooling designs, and keeps the physical size and weight low 
profile.  
The second important consideration that drove the model seen in Figure 16, below, is the 
material it is made of. The purpose of the reactor vessel is to house the core components of the 
reactor and will be subject to the harsh environment of the nuclear fission process. Traditionally, 
reactor vessels are made of alloy carbon steel and are coated in an anti-corrosion steel. For the 
purposes of this project, the vessel was assigned Plain Carbon Steel from the SolidWorks 
material library, which had a density of 7800kgm3. The total weight of the vessel came out to be 
45618.80 kg or approximately 50 tons. That is currently over the federal limit for cargo truck 
transport, which is capped at 80,000 pounds or 40 tons. In order to keep the weight down, the 
size of the reactor or the thickness of the vessel walls would need to be reduced. Using 
SolidWorks, we further tested the necessary thickness of the reactor vessel and attempted to 
determine if there is room to reduce the weight of the vessel and subsequent internal 
components. 
 
Figure 16. SmAHTR Reactor Vessel 
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Fuel Assembly:  
 
 
Figure 17. Fuel Assembly of reactor, front Section View (left) and top down view (right) 
 
The reactor fuel assembly was modeled using the reference photos and technical 
specifications for the SmAHTR reactor proposal [14]. The general idea is to use individual 
graphite fuel casings that will contain the liquid fluoride coolant, graphite moderator pins, and 
fuel cladding with the uranium fuel. Figure 17. above shows the front inside view and the top 
down view of one of 19 graphite fuel casings that would be in the final reactor assembly. The 
only difference from the CAD model to the actual proposed design was the light grey region 
shown in the right fuel casing view of Figure 17. The negative space represents where the 
coolant would flow around the fuel pins. The grey region was an artifact of the modeling process 
and was used to align the geometry of the individual fuel pins. This region was not present in the 
SmAHTR [14] design.  
This model was translated to a simplified version for the MCNP simulation. In lieu of 
using the fuel reactor core setup that was outlined in the SmAHTR proposal [14], one fuel 
assembly was modeled to assess external dosimetry.   
47 
 
Fuel Cladding:  
 
Figure 18. Fuel Cladding for Uranium Fuel 
 
The fuel cladding was a key component of our models because of its importance in 
nuclear reactor designs. The fuel cladding serves as a radiation shield for the coolant and 
moderator and helps to reduce the amount of dangerous radiation (alpha, beta, gamma) that is 
produced from the uranium fuel’s fission process. The most used material for fuel cladding is 
zirconium alloy. It has good thermal properties, allowing the core to reach high temperatures, 
resulting in a more efficient reactor. The proposed cladding material for the SmAHTR reactor 
was graphite. For the MCNP simulations both graphite and zirconium alloy cladding were tested 
to see how the dose outside the core and vessel were affected. 
 
Simplifying the reactor for MCNP analysis 
 As described in the previous section, the main three components that were included in the 
simulation were the reactor vessel, fuel assembly and the fuel cladding. The reactor vessel was 
converted into a series of cylindrical macrobodies and spheres aligned along the z-axis. The fuel 
cladding and fuel assembly were also reduced into basic cylindrical macrobodies and were 
concentric with respect to each other. Figure 19 below shows a side view of the CAD model, 
along with the 3D visualization of the transport code. The size of the model in MCNP reflects the 
size configuration proposed by the SmAHTR reactor and matches with the CAD model. The five 
rectangular bodies in front of the 3D MCNP model shows how the energy deposition tally boxes 
were configured. They are evenly spaced along the x-axis, at distances 0.30, 1.50, 3.00, 4.60, and 
6.10m (~ 1,5,10,15,20 ft) away from the reactor core. Along with having to match the basic 
geometry of the reactor, it was equally important to represent the neutron source more closely to 
what a typical SMR reactor might have.  
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In lieu of using a mono-energetic source, an energy distribution based on Jeff 3.2 
Database [29] for Uranium-235 was used and included energies ranging from 1x10-5 eV to 4 
MeV. The material for the tally boxes was also updated to more accurately represent human 
targets, using the Pacific Northwest National Laboratory’s (PNNL) material card for human 
tissue [26]. The material used for the cladding was tested using both graphite, as proposed by the 
SmAHTR reactor design, as well as the commonly used zirconium alloy found in most modern-
day reactors. The input file for the reactor simulation can be found in Appendix A. 
 
Figure 19: Simplified SMR reactor in CAD (left) and the MCNP simulation visualization (right) 
 
Neutron Detection Experiment 
 As discussed in section 3.1.1, there was a supplementary lab experiment that was planned 
to support the data generated from the initial MCNP concrete shielding model. Unfortunately, 
due to the circumstances surrounding the COVID-19 pandemic, the experiment was unable to be 
performed.  
 The intention of this experiment was to compare the data generated from the simulation 
to experimental data produced under lab conditions. The lab was set up using a DD-110M 
neutron generator [1] capable of producing a consistent stream of thermal neutrons. The neutrons 
were directed towards concrete slabs made from high strength Quikrete [6] and the data was 
collected using a neutron detector measuring mRemhr-1. To focus the incoming neutrons onto 
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the concrete slab, the experiment was performed in a collimator made from 20% by weight 
borated concrete bricks as seen in Figure 8 and enclosed by a borated polyethene lid. 
 
Figure 20: Experimental setup for the concrete shielding experiment. The concrete indicated by 
the red box was the concrete shielding slab. 
 
The concrete brick highlighted by the red box in Figure 20 would have been the shielding 
slab used in the experiment and was made of non-borated concrete. These slabs were designed to 
be approximately 19x19x5 cm in dimension as it kept the weight manageable for transport and 
fit the collimator. These slabs were made using the concrete mold shown in Figure 21.  
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Figure 21: Concrete mold made from 2x4 in plywood 
The CAD model for this design can be found in Appendix C, which outlines the mold in 
detail. The original MCNP shielding code, Appendix A, was updated to reflect the addition of 
the borated concrete and polyethene collimator as well as adjusting the thickness of the concrete 
slab to reflect the 5 cm thickness of the sample. Since the neutron generator could maintain a 
consistent flux of thermal neutrons, results could have been compared between our experiments 
and simulations. 
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Chapter 4: Results 
 
Concrete shielding transmission study 
 
  The initial concrete shielding transmission study was run using a mono-energetic 
neutron source with energy 0.025 eV. This is the average energy of a thermal neutron and 
represents the average energy of neutrons used in LWRs fission. Figure 22 shows the data 
gathered from the simulation and is measuring the absorbed dose in units of Gray as a function 
of shielding thickness. The data follows an exponential decay described by the equation, y = 
1.2732e-19exp(-0.335x), with an R2 value of 0.943. This shows the relative accuracy the 
trendline has with describing the data set. This exponential decay was expected, as mono-
energetic radiation decays is described by Equation 14. The attenuation rate of the intensity of 
the neutron beam is proportional to an exponential decay and the macroscopic cross section ().  
 
𝐈(𝐱) =  𝐈𝐨𝒆
𝐱                                                                                                                           (14) 
 
 
 
Figure 22: Dose (Gy) received by a water tally box as function of varying thicknesses of concrete 
shielding for a thermal neutron source 
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Table 1 below shows the data used to generate Figure 22 and includes the relative error of 
the energy deposition from the MCNP simulation. The relative error was calculated through 
MCNP, which defines the relative error, 𝑅 ≡ 𝑆 ̅ ?̅?, the ratio of the standard deviation of the tally 
average to the average [41].  
 
Table 1: Absorbed dose (Gy) received from a thermal neutron source as a function of concrete 
thickness 
Energy (Mev) Thickness 
(cm) 
Mev/g Gray 
(J/kg) 
Normalized 
Dose  
Relative 
Error 
 
 
 
2.56E-08 
0.5 4.24E-09 6.80E-19 1.00 0.011 
1 3.69E-09 5.92E-19 0.86 0.012 
3 2.26E-09 3.62E-19 0.50 0.015 
5 1.32E-09 2.12E-19 0.27 0.019 
8 6.35E-10 1.02E-19 0.09 0.026 
10 4.18E-10 6.70E-20 0.04 0.032 
12 2.61E-10 4.18E-20 0 0.040 
 
The data was normalized to between 1 and 0, using the absorbed dose at 0.5 cm thickness to 
normalize the data. The equation used to normalize the data was given by Equation 15 [28]:  
 
𝑿𝒏𝒐𝒓𝒎𝒂𝒍𝒊𝒛𝒆𝒅 = (𝒃 − 𝒂) ∗
(𝒙 𝒚)
(𝒛 𝒚)
+ a                                                                              (15)                                                                                                         
 
Where b is the max value of the normalized range, a is the minimum value of that range, 
x is the starting value, y is the minimum value of the series, and z is the maximum value of the 
series.  
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Figure 23: Dose (Gy) in water tally boxes for various neutron energies as a function of concrete 
thickness 
 
The shielding experiment was carried out using mono-energetic neutron sources, ranging 
from 0.025eV to 2.4 MeV. Figure 23 shows the absorbed dose received by the water tally boxes 
as a function of concrete thickness. The source energies were color coded to show the effect 
varying energy has on dose received.  The individual transmission data for energies 0.5 MeV, 1 
MeV, and 2.4 MeV can be found in Appendix F.  
 
SmAHTR reactor transmission study 
The figure below shows the normalized absorbed dose received by water tally boxes at 
various distances away from the reactor core. The Zircaloy-4 cladding was kept a constant 6cm 
thick and is based on the CAD model designed for the simplified SmAHTR reactor. The dose at 
6.1m (~20ft) away from the reactor was excluded from the figure because its value was 0 and an 
exponential trendline cannot be fit to the data set when a value is 0. 
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Figure 24: Absorbed dose as a function of distance away from the reactor core using Zirconium-
4 alloy cladding. 
 
Table 2: Absorbed dose received on a tissue sample at varying distances from the reactor core 
using Zircaloy-4 cladding.  
Distance (m) MeV/g Absorbed Dose (Gy) Normalized Dose Relative 
Error 
0.3 3.95E-08 6.33E-18 1.00 0.0147 
1.5 1.32E-08 2.11E-18 0.31 0.0298 
3.0 5.63E-09 9.01E-19 0.11 0.0406 
4.6 2.83E-09 4.53E-19 0.03 0.0518 
6.1 1.62E-09 2.60E-19 0.00 0.0632 
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Figure 25: Absorbed dose as a function of distance away from the reactor core using graphite 
cladding 
 
The dosimetry experiment was run again using graphite cladding instead of Zircaloy-4. 
The original design proposed by ORNL was to use graphite cladding in place of the commonly 
used zirconium alloys, and this experiment looked to compare to the difference in radiation 
protection. Like the results for Zircaloy-4, the 6.1m (~20ft) dose for Graphite was excluded as it 
was normalized to 0. 
 
Table 3: Absorbed dose received on a tissue sample at varying distances from the reactor core 
using graphite cladding 
Distance (m) MeV/g Absorbed Dose 
(Gy) 
Normalized Dose Relative Error 
0.3 3.59E-08 5.75E-18 1.00 0.0083 
1.5 1.22E-08 1.96E-18 0.31 0.0138 
3.0 5.52E-09 8.85E-19 0.12 0.022 
4.6 2.51E-09 4.02E-19 0.03 0.0342 
6.1 1.49E-09 2.39E-19 0.00 0.0452 
 
Both the Zircaloy-4 and Graphite alloy were comparable in their shielding capabilities 
and neither outperformed the other as can be seen in Figure 25. 
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Figure 26: Comparison of the dose received by water tally boxes at varying distances away from 
the reactor core, using Zircaloy-4 and Graphite cladding. 
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Chapter 5: Conclusion 
 
Based on the results generated from the MCNP simulations, the shielding provided by 
both the cladding and reactor vessel were enough in protecting the public from core radiation. 
The U.S. government limits public exposure to radiation to 1mSv (1 rem) annually, measured in 
dose equivalence. The maximum absorbed dose tallied in the simulations was 6.33x10-18 Gy, 
which when converted to dose equivalence using the highest weighting factor for neutron 
radiation (20), comes out to 1.266x10-18 Sv of radiation. Assuming a member of the public is 
exposed to this radiation every second for a calendar year, they would receive an annual dose 
equivalence of 1.27x10-13 mSv. This is well below the acceptable limit and based on the 
simplified MCNP simulations, an SMR would provide adequate shielding from neutron 
radiation. It was also found that the cladding material used had no significant effect on the dose 
equivalence, and both proved to provide the same quality of shielding.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
58 
 
Chapter 6: Discussion 
 
 Small Modular Reactors are designed in such a way to balance power output with 
portability. If SMRs are to be successful at bringing power to remote areas, they must not pose 
an increased risk to public safety. Neutron and photon radiation are challenging as it requires a 
multi-level approach to shield. This research designed a simplified proposal of a molten salt 
SMR, making sure to keep the physical properties were kept consistent (size and weight) for an 
SMR, while testing the potential dose a hypothetical person may receive standing near the 
reactor. 
The initial concrete shielding experiment served as an introduction to MCNP 
transmission simulations. The data shown in Figure 23 was the combination of the various runs 
performed for this experiment. The data showed that as neutron energy increased the absorbed 
dose also increased, consistent with  I(x) =  I 𝑒   .  The intensity of the neutron beam is 
exponentially proportional to the thickness of the attenuating material (Figure 23).  The next step 
was to construct the simplified reactor model and evaluated the shield designs.  
 The reactor dimensions were kept consistent with the ORNL SmAHTR reactor and a 
mass evaluation was run using SolidWorks 2019, to confirm the weight of the reactor was within 
the specifications set for SMRs. Figure 27 below shows this evaluation for the simplified reactor 
concept.  
 
 
Figure 27: Mass Properties for MCNP Reactor 
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 The goal of the project was to ensure the weight of the reactor not surpass 40 tons, as that 
is the maximum legal freight limit for trucks in the United States [9]. The mass of the reactor, 
fuel cladding, lid, and fuel core was determined to be 32032.94kg (35.3 tons) below the weight 
threshold. The vessel material was changed to from plain carbon steel to Hastelloy-N to match 
the SmAHTR.  
 Cladding is an essential component of the reactor as it serves to moderate neutrons, 
reflecting them back into the core to reduce leakage and promote fission. Zirconium alloys are 
commonly used in current LWRs, but ORNL proposed using graphite to surround the SmAHTR 
fuel. It was important to characterize any differences between these cladding materials. 
Zirconium alloys are corrosive resistant, have low thermal cross sections, a can maintain their 
structural strength at high temperatures [55]. Graphite has similar thermal properties and being 
made of carbon it is chemically stable, giving it a low thermal cross section. Figure 26 shows 
that both cladding materials were similar in their shielding capabilities, with only minor 
fluctuations. These negligible differences are most likely attributable to the generalized reactor 
core and neutron source used in the simulation. Accounting for the entire proposed core design 
would have likely revealed differences in the effectiveness of the shielding. The SmAHTR 
reactor is a molten salt design and intends maximum fuel temperature to be 1027°C, which is 
likely why graphite was selected for the reflector core material. It can also withstand large 
temperatures while maintaining its structural integrity.  
SmAHTR was designed as a molten salt reactor, which operates in the fast neutron 
spectrum. These reactor variants do not utilize a moderator to thermalize incoming neutrons and 
would benefit to use a cladding material will a low neutron scatter cross section. Graphite has a 
scattering cross section of 4.7 barns and an absorption cross section of 0.0035 barns [21], making 
it ideal for a fast neutron reactor. The thermalization of neutrons through elastic scattering and 
the absorption of neutrons will not be prevalent using graphite as the cladding material. Both 
Zircalloy-4 and graphite serve as potential cladding materials, but graphite has additional 
physical and chemical properties that make it suitable for Generation IV SMRs that operate in 
the fast neutron spectrum.  
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Future Work 
 
Reactor Geometry  
 
 The progression of this research started with MCNP simulation and an evaluation of 
reactor geometry. The model of the reactor was based on the SmAHTR reactor by ORNL, which 
has a complex fuel assembly, as well as an intricate mechanical structure. For this research the 
model was simplified to basic cylindrical macrobodies, which represented the core reactor 
components. In order to get a more comprehensive study on the radiation risks associated with 
this reactor and more broadly SMRs, the geometry of the simulation should be as close to the 
actual design as possible. All the reactor’s mechanical components will impact the neutron 
attenuation, but more importantly including the molten salt coolant surrounding the fuel core. 
This coolant serves as another layer of matter interaction that was not included in this simulation 
but is critical to the safety profile of this reactor. During the beginning stages of this project I 
briefly worked with MCAM (reference), a software used to help convert CAD models to MCNP 
input files. The original plan was to utilize this program to convert the detailed reactor model 
that I designed in CAD to MCNP geometry, but I was never able to get MCAM to work 
properly. This project would benefit from the capabilities of MCAM for both the design of the 
vessel components but the complex fuel assembly.  
 
MCNP Source Information  
 
 Another important aspect of this research was the source data for the neutrons. In MCNP 
the source data dictates many of the interactions experienced by the particles and is important for 
accurate results. The neutron source for this project was modeled as an energy distribution of U-
235 undergoing fission. It allowed us to cover the possible range of energies neutrons would be 
interacting with during fission. This source however did not account for the various isotopes of 
Uranium within the fuel core or the thermal properties that accompany the fission process. The 
SmAHTR reactor core is comprised of 5 stacks of 19 fuel cores, each containing uranium fuel. 
There will be thermal fluctuations across the different layers of fuel, and the energy of the 
neutrons will not be uniform through the core, as modeled by this research. These fluctuations 
will cause differences in the absorbed dose received at different heights throughout the reactor. 
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Creating a safety profile of the SmAHTR or future SMR designs will require an accurate 
representation of the neutron source.  
 
Photon Interactions 
 
 The decay schemes of U-235 and U-238, Equations 8 and 9, show that the decay of these 
isotopes is accompanied by gamma emission. Gamma rays are high energy photons that pose a 
challenging radiation risk to the public. These require high density shielding and are common 
forms of ionizing radiation during the operation of a reactor. Photon interaction was not tracked 
in the MCNP code during this research, as the focus was on neutron interaction. MCNP has the 
capabilities to include photon interaction simultaneously with neutrons, which would provide a 
full picture of all the harmful radiation that is produced. Properly shielding an SMR is dependent 
on understanding both neutron and photon interactions within the core, and outside the vessel.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
62 
 
References 
[1] adelphi Technology, Inc, Neutron Generator Models DD‐109M & DD110M Operation 
Manual, adelphi Technology, Inc, 2016  
 
[2] “Advanced Small Modular Reactors (SMRs)”. Office of Nuclear Energy, 
https://www.energy.gov/ne/nuclear-reactor-technologies/small-modular-nuclear-reactors 
[3] Alpha Decay. (2000, August/September). Retrieved June 24, 2019, from 
https://www2.lbl.gov/abc/wallchart/chapters/03/1.html  
[4] Beta Decay. (2000, August 9). Retrieved June 27, 2019, from 
https://www2.lbl.gov/abc/wallchart/chapters/03/2.html 
[5] Briesmeister, J.F. “MCNPTM–A General Monte Carlo N–Particle Transport Code”. Dec. 
2020, https://permalink.lanl.gov/object/tr?what=info:lanl-repo/lareport/LA-13709-M   
[6] “Concrete Mix.” QUIKRETE, Quikrete, www.quikrete.com/productlines/concretemix.asp.  
[7] Doss, H.M. “Ionizing Radiation and Humans – The Basics.” Physics Central, 
https://www.physicscentral.com/explore/action/radiationandhumans.cfm [Accessed May 14, 
2020] 
[8] “Fast Neutron Reactors”. World Nuclear Association, Feb. 2020, https://www.world-
nuclear.org/information-library/current-and-future-generation/fast-neutron-reactors.aspx  
[9] Foxx, Anthony R. “Compilation of Existing State Truck Size and Weight Limit Laws.” 
Compilation of Existing State Truck Size and Weight Limit Laws - FHWA Freight 
Management and Operations, 2015, 
ops.fhwa.dot.gov/freight/policy/rpt_congress/truck_sw_laws/index.htm. 
[10] Gamma Decay. (2000, August 9). Retrieved June 27, 2019, from 
https://www2.lbl.gov/abc/wallchart/chapters/03/3.html  
[11] “Gamma Ray Emission.” Cyberphysics.co.uk. Web 
https://www.cyberphysics.co.uk/topics/radioact/Radio/gamma.html [Accessed May 14, 2020] 
[12] “Generation IV Nuclear Reactors”. World Nuclear Association, May. 2019, 
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-power-
reactors/generation-iv-nuclear-reactors.aspx  
[13] “Global Energy & CO2 Status Report 2019”. International Energy Agency, 2019, 
https://www.iea.org/reports/global-energy-co2-status-report-2019/electricity#abstract 
63 
 
[14] Greene, S. R. et al. Pre-Conceptual Design of a Fluoride-Salt-Cooled Small Modular 
Advanced High-Temperature Reactor (SmAHTR). Oak Ridge National Laboratory, 2010, 
https://info.ornl.gov/sites/publications/files/Pub26178.pdf  
[15] Hannah Ritchie and Max Roser (2020) - "Energy". Published online at 
OurWorldInData.org. Retrieved from: 'https://ourworldindata.org/energy’. 
[16] IEA (2019), World Energy Outlook 2019, IEA, Paris https://www.iea.org/reports/world-
energy-outlook-2019 
[17] “Interaction of Charged Particles With Matter”. NRC. PowerPoint. Mar 2011 
https://www.nrc.gov/docs/ML1122/ML11229A666.pdf [Accessed May 14, 2020]  
[18] “Interaction of Neutrons With Matter”. NRC. PowerPoint. Feb 2011 
https://www.nrc.gov/docs/ML1122/ML11229A705.pdf [Accessed May 14, 2020]  
[19] Jaquith, K. (2019, March 14). 3 Different Types of Radiation Shielding Materials. Retrieved 
June 25, 2019, from https://blog.universalmedicalinc.com/3-different-types-radiation-shielding-
materials  
[20] J.M.K.C. Donev et al. (2018). Energy Education - Boiling water reactor [Online]. Available: 
https://energyeducation.ca/encyclopedia/Boiling_water_reactor. [Accessed: May 14, 2020]. 
[21] J.M.K.C. Donev et al. (2018). Energy Education – Neutron Moderator [Online]. Available: 
https://energyeducation.ca/encyclopedia/Boiling_water_reactor. [Accessed: May 14, 2020]. 
[22] J.M.K.C. Donev et al. (2018). Energy Education - Pressurized water reactor [Online]. 
Available: https://energyeducation.ca/encyclopedia/Pressurized_water_reactor. [Accessed: May 
14, 2020]. 
[23] J.M.K.C. Donev et al. (2018). Energy Education - Thermal efficiency [Online]. Available: 
https://energyeducation.ca/encyclopedia/Thermal_efficiency. [Accessed: May 14, 2020]. 
[24] Jones, Jeremy, and Daniel Bell. “Equivalent Dose: Radiology Reference Article.” 
Radiopaedia Blog RSS, 2018, radiopaedia.org/articles/equivalent-dose?lang=us.  
[25] “Live Chart of Nuclides.” Livechart - Table of Nuclides - Nuclear Structure and Decay 
Data, IAEA, 2007, nds.iaea.org/relnsd/vcharthtml/VChartHTML.html#dcy1. 
[26] McConn, RJ Jr. et al. Compendium of Material Composition Data for Radiation Transport 
Modeling. Pacific Northwest National Laboratory, 2011, 
https://www.pnnl.gov/main/publications/external/technical_reports/PNNL-15870Rev1.pdf 
64 
 
[27] “Neutron Capture – Radiative Capture. Web. https://www.nuclear-power.net/nuclear-
power/reactor-physics/nuclear-engineering-fundamentals/neutron-nuclear-reactions/neutron-
capture-radiative-capture/ 
[28] “Normalizing Numerical Values in Excel”, Love Spreadsheets, Jan. 2020, 
https://medium.com/@lovespreadsheets/normalizing-numerical-values-in-excel-a0eeed827a5b.  
 
[29] Nuclear Energy Agency (NEA) (20163), JEFF-3.2 evaluated data library - Neutron data, 
NEA, https://www.oecd-nea.org/dbforms/data/eva/evatapes/jeff_32/ 
 
[30] “Nuclear Power in the USA”. World Nuclear Association, May. 2020, https://www.world-
nuclear.org/information-library/country-profiles/countries-t-z/usa-nuclear-power.aspx.   
[31] “Nuclear Power in the World Today”. World Nuclear Association, Mar. 2020, 
https://www.world-nuclear.org/information-library/current-and-future-generation/nuclear-power-
in-the-world-today.aspx.  
[32] Pisupati, Sarma. The Carnot Efficiency. PennState College of Earth and Mineral Sciences, 
https://www.e-education.psu.edu/egee102/node/1942. [Accessed: May 14 2020]. 
[33] “Plans For New Reactors Worldwide”. World Nuclear Association, Mar. 2020, 
https://www.world-nuclear.org/information-library/current-and-future-generation/plans-for-new-
reactors-worldwide.aspx. 
[34] “Pressurized Water Reactors”.U.S.NRC, Jan. 2015, https://www.nrc.gov/reactors/pwrs.html. 
[35] Protecting Against Exposure. (n.d.). Retrieved June 25, 2019, from 
http://nuclearconnect.org/know-nuclear/science/protecting  
[36] Ritchie, Hannah, and Max Roser. “Energy.” Our World in Data, 28 Mar. 2014, 
ourworldindata.org/energy#all-charts-preview.  
[37] Schlissel, David, and Bruce Biewald. Nuclear Power Plant Construction Costs. Synapse 
Energy Economics, Inc, 2008, 
http://large.stanford.edu/courses/2016/ph241/keller2/docs/schlissel.pdf 
[38] “Shielding of Ionizing Radiation.” Reactor Physics. Web. 10 Mar. 2020 
https://www.nuclear-power.net/nuclear-power/reactor-physics/atomic-nuclear-
physics/radiation/shielding-of-ionizing-radiation/  
[39] “Shielding of Gamma Radiation.” Reactor Physics. Web. 10 Mar. 2020 
https://www.nuclear-power.net/nuclear-power/reactor-physics/atomic-nuclear-
physics/radiation/shielding-of-ionizing-radiation/shielding-gamma-radiation/  
65 
 
[40] “Shielding of Neutron Radiation.” Reactor Physics. Web. 10 Mar. 2020 
https://www.nuclear-power.net/nuclear-power/reactor-physics/atomic-nuclear-
physics/fundamental-particles/neutron/shielding-neutron-radiation/  
[41] Shultis, J.K and Faw, R.E. “An MCNP Primer”, 2004, https://www.mne.k-
state.edu/~jks/MCNPprmr.pdf.  
[42] “Small Modular Reactors: Nuclear Energy Market Potential for Near-term Deployment”. 
Nuclear Energy Agency (NEA), 2016, https://www.oecd-nea.org/ndd/pubs/2016/7213-smrs.pdf \ 
[43] “Small Modular Reactor (SMR) Regulators’ Forum”. International Atomic Energy Agency 
(IAEA), https://www.iaea.org/topics/small-modular-reactors [Accessed May 14, 2020] 
[44] “Small Nuclear Power Reactors”. World Nuclear Association, Mar. 2020, 
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-power-
reactors/small-nuclear-power-reactors.aspx  
[45] The Essential CANDU, A Textbook on the CANDU Nuclear Power Plant Technology, 
Editor-in-Chief Wm. J. Garland, <1, 3-24>, University Network of Excellence in Nuclear 
Engineering  
(UNENE), ISBN 0-9730040. Retrieved from https://www.unene.ca/education/candu-textbook on 
<11/11/2019 >. 
[46] “The Visual Editor for MCNP.” The Visual Editor for MCNPX, Schwarz Software 
Consulting, LLC, 2018, www.mcnpvised.com/visualeditor/visualeditor.html. 
[47] Touran, Nick. “Molten Salt Reactors”. What is Nuclear, 
https://whatisnuclear.com/msr.html#benefits [Accessed May 15, 2020] 
[48] Turner, J. E. (2010). Radioactive Decay. In Atoms, radiation, and radiation protection (pp. 
83-108). Weinheim: Wiley-VCH 
[49] “17.3: Types of Radioactivity: Alpha, Beta, and Gamma Decay.” Chemistry LibreTexts, 
Libretexts, 1 July 2019, 
chem.libretexts.org/Courses/can/intro/17%3A_Radioactivity_and_Nuclear_Chemistry/17.03%3
A_Types_of_Radioactivity%3A_Alpha%2C_Beta%2C_and_Gamma_Decay.  
[50] UNITED STATES DEPARTMENT OF LABOR. (n.d.). Retrieved June 25, 2019, from 
https://www.osha.gov/SLTC/radiation$_$nonionizing/ 
[51] “Uranium 235 Fission.” Reactor Physics. Web. https://www.nuclear-power.net/nuclear-
power-plant/nuclear-fuel/uranium/uranium-235/uranium-235-fission/  
66 
 
[52] What is Ionizing Radiation? WHO (2017, January 18). Retrieved from 
https://www.who.int/ionizing_radiation/about/what_is_ir/en/index2.html   
[53] “What is Reactor Pressure Vessel – Definition.” Reactor Physics. Web. 10 Mar. 2020 
https://www.reactor-physics.com/what-is-reactor-pressure-vessel-definition/  
[54] “What is U.S. electricity generation by energy source?”, Energy Information Agency (EIA), 
Feb. 2020, https://www.eia.gov/tools/faqs/faq.php?id=427&t=3 
[55] “Zircaloy-4(Alloy Zr4) (UNS R60804).” AZoM.com, AZO Materials, 11 June 2013, 
www.azom.com/article.aspx?ArticleID=7644. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
67 
 
Appendices  
Appendix A: List of Abbreviations  
 
SMR: Small Modular Reactor 
MCNP: Monte Carlo N-Particle Transport Code 
ORNL: Oak Ridge National Laboratory  
CAD: Computer Aided Design 
SmAHTR: small modular Advanced High Temperature Reactor 
IEA: International Energy Agency  
PWR: Pressurized Water Reactor 
BWR: Boiling Water Reactor 
IAEA: International Atomic Energy Agency  
DOE: Department of Energy 
NRC: Nuclear Regulatory Commission 
LWR: Light Water Reactor 
FNR: Fast Neutron Reactor 
LFR: Lead Cooled Fast Reactor 
MSR: Molten Salt Reactor 
GIF: Generation IV Forum  
CT: Computed Tomography 
PET: Positron Emission Tomography 
ALWR: Advanced Light Water Reactor 
O&M: Operations and Maintenance  
EPC: Engineering, Procurement, and Cost 
TCIC: Total Capital Investment Cost 
PNNL: Pacific Northwest National Laboratory   
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Appendix B: MCNP Deck: Initial Shielding Concept 
 
Shielding Experiment: Normal Concrete 0.5 cm Slab 
c ******* Cell Card ******* 
01 395 -2.35          -10                imp:n=1         $ Concrete Slab 
02 654 -0.998207 -20                 imp:n=1         $ Talley Box 
03 304 -0.001205 -99 10 20       imp:n=1         $ Inside World 
04 0                          99               imp:n=0         $ Outside world 
  
c ******* Surface Card *******  
10 rpp 10 10.50 -9.525 9.525 -9.525 9.525     $ Concrete Slab 
20 rpp 11.50 12.50 -2.5 2.5 -2.5 2.5                $ Tally Box 
99 rpp -30 30 -30 30 -30 30                             $ Void 
 
c ******* Data Card ******* 
mode  n 
SDEF POS= 0 0 0 CEL=03 ERG=2.4 WGT=1 TME=0 PAR=1 
F6:N 02    $ Energy deposition tally measured in MeV/g 
m304  6000.80c      -0.000124  $Air (Dry, Near Sea Level) 
      7014.80c        -0.7525 7015.80c     -0.0027668 8016.80c       -0.23123  
      8017.80c   -8.7866e-005 18036.80c  -4.2793e-005 18038.80c  -8.0671e-006  
      18040.80c     -0.012776  
m395  1001.80c     -0.0084837  $Concrete, Ordinary (NBS 03) 
      1002.80c   -1.3215e-006 6000.80c      -0.050064 8016.80c       -0.47236  
      8017.80c    -0.00017949 12024.80c     -0.019093 12025.80c    -0.0024233  
      12026.80c    -0.0026672 13027.80c     -0.036063 14028.80c      -0.13383  
      14029.80c    -0.0067953 14030.80c    -0.0044795 16032.80c    -0.0028227  
      16033.80c  -2.2236e-005 16034.80c   -0.00012462 16036.80c  -4.3329e-007  
      19039.80c    -0.0015826 19040.80c  -1.9811e-007 19041.80c   -0.00011421  
      20040.80c      -0.23937 20042.80c    -0.0015983 20043.80c   -0.00033384  
      20044.80c    -0.0051518 20046.80c  -1.0124e-005 20048.80c   -0.00046199  
      26054.80c   -0.00064476 26056.80c     -0.010121 26057.80c   -0.00023377  
      26058.80c  -3.1099e-005  
m654  1001.80c       -0.11188  $Water, Liquid 
      1002.80c   -1.7427e-005 8016.80c       -0.88599 8017.80c    -0.0003366 
nps 1000000 
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Appendix C: Concrete Mold  
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Appendix D: MCNP Deck: Revised Shielding Experiment 
 
Shielding Experiment: Normal Concrete 5 cm Slab 0.5 MeV 
c ******* Cell Card ******* 
01 395 -2.35     -10             imp:n=1    $ Concrete Slab 
02 654 -0.998207 -20                                  imp:n=1    $ Talley Box 
03 304 -0.001205 -99 10 20                 imp:n=1    $ Inside World 
04 0              99                                    imp:n=0    $ Outside world 
05 378 -3.10   30 -40 50 -60 -70 80             imp:n=1    $ Borated top 
06 378 -3.10      90 -100 110 -120 130 -140   imp:n=1    $ Borated left 
07 378 -3.10      150 -160 170 -180 190 -200 imp:n=1    $ Borated right 
  
c ******* Surface Card *******  
10 rpp 25.4 30.4 -9.525 9.525 -9.525 9.525     $ Concrete Slab 
20 rpp 31.4 32.4 -2.5 2.5 -2.5 2.5                     $ Tally Box 
c 
30 px  0                             $ Borated collimator top 
40 px  32.4 
50 py  9.525 
60 py  14.525 
70 pz  9.525 
80 pz -9.525 
c 
90 px  0                             $ Borated collimator left 
100 px  32.4 
110 py  -9.525 
120 py  9.525 
130 pz  -9.525 
140 pz  -14.525 
c          
150 px 0                             $ Borated collimator right 
160 px 32.4 
170 py -9.525 
180 py 9.525 
190 pz 9.525  
200 pz 14.525 
c 
99 rpp -30 30 -30 30 -30 30                             $ Void 
 
c ******* Data Card ******* 
mode  n 
SDEF POS= 0 0 0 CEL=03 ERG=0.5 WGT=1 TME=0 PAR=1 
F6:N 02                                                            $ Energy deposition tally measured in MeV/g 
m304  6000.80c      -0.000124  $Air (Dry, Near Sea Level) 
      7014.80c        -0.7525 7015.80c     -0.0027668 8016.80c       -0.23123  
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      8017.80c   -8.7866e-005 18036.80c  -4.2793e-005 18038.80c  -8.0671e-006  
      18040.80c     -0.012776  
m395  1001.80c     -0.0084837  $Concrete, Ordinary (NBS 03) 
      1002.80c   -1.3215e-006 6000.80c      -0.050064 8016.80c       -0.47236  
      8017.80c    -0.00017949 12024.80c     -0.019093 12025.80c    -0.0024233  
      12026.80c    -0.0026672 13027.80c     -0.036063 14028.80c      -0.13383  
      14029.80c    -0.0067953 14030.80c    -0.0044795 16032.80c    -0.0028227  
      16033.80c  -2.2236e-005 16034.80c   -0.00012462 16036.80c  -4.3329e-007  
      19039.80c    -0.0015826 19040.80c  -1.9811e-007 19041.80c   -0.00011421  
      20040.80c      -0.23937 20042.80c    -0.0015983 20043.80c   -0.00033384  
      20044.80c    -0.0051518 20046.80c  -1.0124e-005 20048.80c   -0.00046199  
      26054.80c   -0.00064476 26056.80c     -0.010121 26057.80c   -0.00023377  
      26058.80c  -3.1099e-005  
m654  1001.80c       -0.11188  $Water, Liquid 
      1002.80c   -1.7427e-005 8016.80c       -0.88599 8017.80c    -0.0003366 
m378  1001.80c     -0.0056251  $Concrete, Boron Frits-baryte 
      1002.80c   -8.7622e-007 5010.80c     -0.0020712 5011.80c     -0.0083782  
      8016.80c       -0.33879 8017.80c    -0.00012874 9019.80c      -0.002311  
      11023.80c     -0.012157 12024.80c    -0.0018246 12025.80c   -0.00023158  
      12026.80c   -0.00025488 13027.80c      -0.00643 14028.80c     -0.030672  
      14029.80c    -0.0015574 14030.80c    -0.0010267 16032.80c     -0.087373  
      16033.80c   -0.00068829 16034.80c    -0.0038575 16036.80c  -1.3412e-005  
      19039.80c   -0.00093724 19040.80c  -1.1732e-007 19041.80c  -6.7639e-005  
      20040.80c     -0.060972 20042.80c   -0.00040713 20043.80c  -8.5035e-005  
      20044.80c    -0.0013123 20046.80c  -2.5787e-006 20048.80c   -0.00011768  
      25055.80c     -0.000201 26054.80c    -0.0012861 26056.80c     -0.020189  
      26057.80c   -0.00046628 26058.80c  -6.2032e-005 30064.80c    -0.0032605  
      30066.80c    -0.0018388 30067.80c    -0.0002679 30068.80c    -0.0012233  
      30070.80c   -4.049e-005 56130.80c   -0.00042666 56132.80c   -0.00040811  
      56134.80c    -0.0097453 56135.80c     -0.026579 56136.80c     -0.031664  
      56137.80c     -0.045286 56138.80c      -0.28909 
nps 1000000 
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Appendix E: MCNP Deck: Simplified Reactor 
Simplified SmAHTR Reactor  
c ******* Cell Card *******                                
    1   634  -10.96 -1             imp:n=1   $Uranium Fuel Rod 
    2   363   -1.7 2 -3             imp:n=1   $Fuel Cladding 
    3   594   -7.82 (-4 5 ):(-6 7 -8 9 )        imp:n=1   $Reactor Vessel  
    4   304 -0.001205 (-5 3 9 8 ):(-8 -7 )  imp:n=1   $Inside Reactor Vessel  
    5   654 -0.998207 -10        imp:n=1   $TallyBox1, 1ft  
    6   654 -0.998207 -11        imp:n=1   $TallyBox2, 5ft 
    7   654 -0.998207 -12        imp:n=1   $TallyBox3, 10ft 
    8   654 -0.998207 -13                   imp:n=1   $TallyBox4, 15ft 
    9   654 -0.998207 -14        imp:n=1   $TallyBox5, 20ft 
   10   304 -0.001205 -99 1 10 3 4 6 11 12 13 14  imp:n=1   $Inside world 
 999     0         99         imp:n=0   $Void 
 
c ******* Surface Card *******  
    1  rcc 0 0 0 0 0 400 34           $Uranium Fuel Rod  
    2  rcc 0 0 0 0 0 400 34           $Inner Cladding 
    3  rcc 0 0 0 0 0 400 40           $Outer Cladding 
    4  rcc 0 0 0 0 0 725 175         $Outer Vessel Wall 
    5  rcc 0 0 0 0 0 725 172.5      $Inner Vessel Wall 
    6  sz 0 175                             $Outer Reactor Bottom 
    7  sz 0 172.5                          $Inner Reactor Bottom 
    8  pz 0                                    $Reactor Intersection Plane 
    9  rcc 0 0 725 0 0 5 175         $Vessel Lid 
   10  rpp 205.5 206.5 -20 20 33 368  $TallyBox 1 
   11  rpp 327.4 328.4 -20 20 33 368  $Tally Box 2 
   12  rpp 479.8 480.8 -20 20 33 368  $Tally Box 3 
   13  rpp 632.2 633.2 -20 20 33 368  $Tally Box 4 
   14  rpp 784.6 785.6 -20 20 33 368  $Tally Box 5 
   99  rpp -1000 1000 -1000 1000 -1000 1000  $Outside World 
 
c ******* Data Card ******* 
mode  n 
m634  8016.80c       -0.11825  $Uranium Dioxide 
      8017.80c   -4.4935e-005 92234.80c     -0.000235 92235.80c     -0.026444  
      92236.80c     -0.000122 92238.80c      -0.85467  
m654  1001.80c       -0.11188  $Water, Liquid 
      1002.80c   -1.7427e-005 8016.80c       -0.88599 8017.80c    -0.00033667  
m304  6000.80c      -0.000124  $Air (Dry, Near Sea Level) 
      7014.80c        -0.7525 7015.80c     -0.0027668 8016.80c       -0.23123  
      8017.80c   -8.7866e-005 18036.80c  -4.2793e-005 18038.80c  -8.0671e-006  
      18040.80c     -0.012776  
m594  6000.80c         -0.005  $Steel, Carbon 
      26054.80c     -0.058158 26056.80c      -0.91295 26057.80c     -0.021086  
      26058.80c    -0.0028052  
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m363  5010.80c   -1.9822e-007  $Carbon, Graphite (Reactor Grade) 
      5011.80c   -8.0182e-007 6000.80c             -1  
m669  8016.80c     -0.0011932  $Zircaloy-4 
      8017.80c   -4.5339e-007 24050.80c  -4.3322e-005 24052.80c   -0.00083538  
      24053.80c  -9.4721e-005 24054.80c  -2.3577e-005 26054.80c   -0.00011655  
      26056.80c    -0.0018296 26057.80c  -4.2256e-005 26058.80c  -5.6216e-006  
      40090.80c      -0.50519 40091.80c       -0.1102 40092.80c      -0.16836  
      40094.80c      -0.17065 40096.80c      -0.02651 50112.80c   -0.00013582  
      50114.80c  -9.2005e-005 50115.80c  -4.7349e-005 50116.80c    -0.0020285  
      50117.80c    -0.0010712 50118.80c    -0.0033804 50119.80c    -0.0011981  
      50120.80c    -0.0045484 50122.80c    -0.0006461 50124.80c   -0.00080788   
sdef par = 1 pos = 0 0 200 erg = d1 
#       SI1         SP1 
 L               D 
        1.00E-11 1.79E-12 
 1.00E-11 1.79E-12 
 2.00E-11 2.53E-12 
 4.00E-11 3.58E-12 
 6.00E-11 4.39E-12 
 8.00E-11 5.06E-12 
 1.00E-10 5.66E-12 
 2.00E-10 8.01E-12 
 4.00E-10 1.13E-11 
 6.00E-10 1.39E-11 
 8.00E-10 1.60E-11 
 1.00E-09 1.79E-11 
 2.00E-09 2.53E-11 
 4.00E-09 3.58E-11 
 6.00E-09 4.39E-11 
 8.00E-09 5.06E-11 
 1.00E-08 5.66E-11 
 2.00E-08 8.01E-11 
 4.00E-08 1.13E-10 
 6.00E-08 1.39E-10 
 8.00E-08 1.60E-10 
 1.00E-07 1.79E-10 
 2.00E-07 2.53E-10 
 4.00E-07 3.58E-10 
 6.00E-07 4.39E-10 
 8.00E-07 5.06E-10 
 1.00E-06 5.66E-10 
 2.00E-06 8.01E-10 
 4.00E-06 1.13E-09 
 6.00E-06 1.39E-09 
 8.00E-06 1.60E-09 
 1.00E-05 1.79E-09 
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 2.00E-05 2.53E-09 
 4.00E-05 3.58E-09 
 6.00E-05 4.39E-09 
 8.00E-05 5.07E-09 
 1.00E-04 5.66E-09 
 2.00E-04 8.01E-09  
 4.00E-04 1.13E-08 
 6.00E-04 1.39E-08 
 8.00E-04 1.60E-08 
 1.00E-03 1.79E-08 
 2.00E-03 2.53E-08 
 4.00E-03 3.58E-08 
 6.00E-03 4.38E-08 
 8.00E-03 5.06E-08 
 1.00E-02 5.65E-08 
 2.00E-02 7.97E-08 
 3.00E-02 9.74E-08 
 4.00E-02 1.12E-07 
 5.00E-02 1.25E-07 
 6.00E-02 1.36E-07 
 7.00E-02 1.47E-07 
 8.00E-02 1.57E-07 
 9.00E-02 1.66E-07 
 1.00E-01 1.74E-07 
 1.50E-01 2.09E-07 
 2.00E-01 2.37E-07 
 2.50E-01 2.60E-07 
 3.00E-01 2.78E-07 
 3.50E-01 2.94E-07 
 4.00E-01 3.06E-07 
 4.50E-01 3.17E-07 
 5.00E-01 3.24E-07 
 5.50E-01 3.30E-07 
 6.00E-01 3.34E-07 
 6.50E-01 3.37E-07 
 7.00E-01 3.38E-07 
 7.50E-01 3.39E-07 
 8.00E-01 3.38E-07 
 8.50E-01 3.38E-07 
 9.00E-01 3.36E-07 
 9.50E-01 3.34E-07 
 1.00E+00 3.32E-07 
 1.05E+00 3.29E-07 
 1.10E+00 3.26E-07 
 1.15E+00 3.23E-07 
 1.20E+00 3.19E-07 
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 1.25E+00 3.16E-07 
 1.30E+00 3.12E-07 
 1.35E+00 3.07E-07 
 1.40E+00 3.03E-07 
 1.45E+00 2.99E-07 
 1.50E+00 2.94E-07 
 1.55E+00 2.89E-07 
 1.60E+00 2.85E-07  
 1.65E+00 2.80E-07 
 1.70E+00 2.75E-07 
 1.75E+00 2.70E-07 
 1.80E+00 2.65E-07 
 1.85E+00 2.59E-07 
 1.90E+00 2.54E-07 
 1.95E+00 2.49E-07 
 2.00E+00 2.44E-07 
 2.05E+00 2.38E-07 
 2.10E+00 2.33E-07 
 2.15E+00 2.28E-07 
 2.20E+00 2.22E-07 
 2.25E+00 2.17E-07 
 2.30E+00 2.12E-07 
 2.35E+00 2.06E-07 
 2.40E+00 2.01E-07 
 2.45E+00 1.96E-07 
 2.50E+00 1.91E-07 
 2.55E+00 1.86E-07 
 2.60E+00 1.81E-07 
 2.65E+00 1.76E-07 
 2.70E+00 1.71E-07 
 2.75E+00 1.67E-07 
 2.80E+00 1.62E-07 
 2.85E+00 1.58E-07  
 2.90E+00 1.53E-07 
 2.95E+00 1.49E-07 
 3.00E+00 1.44E-07 
 3.05E+00 1.40E-07 
 3.10E+00 1.36E-07 
 3.15E+00 1.32E-07 
 3.20E+00 1.28E-07 
 3.25E+00 1.25E-07 
 3.30E+00 1.21E-07 
 3.35E+00 1.17E-07  
 3.40E+00 1.14E-07 
 3.45E+00 1.11E-07 
 3.50E+00 1.07E-07 
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 3.55E+00 1.04E-07 
 3.60E+00 1.01E-07 
 3.65E+00 9.79E-08 
 3.70E+00 9.49E-08 
 3.75E+00 9.20E-08 
 3.80E+00 8.92E-08 
 3.85E+00 8.65E-08 
 3.90E+00 8.39E-08 
 3.95E+00 8.13E-08 
 4.00E+00 7.88E-08  
c 
c Neutron Energy distrubution for U235, E = 3MeV, data from JEFF 3.2 Database 
f06:n 5 $ Energy deposition tally measured in MeV/g TallyBox1 
f16:n 6 $ Energy deposition TallyBox2     
f26:n 7 $ Energy deposition TallyBox3     
f36:n 8 $ Energy deposition TallyBox4     
f46:n 9 $ Energy deposition TallyBox5                                  
nps   1000000 
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Appendix F: Concrete Shielding Transmission Data 
 
 
 
 
Thickness (cm) Mev/g Gray (J/kg) Normalized Dose Relative Error 
0.5 5.90E-05 9.45E-15 1.00 0.009 
1 5.32E-05 8.53E-15 0.90 0.010 
3 3.41E-05 5.47E-15 0.55 0.012 
5 2.10E-05 3.37E-15 0.32 0.015 
8 9.87E-06 1.58E-15 0.12 0.022 
10 5.79E-06 9.28E-16 0.05 0.029 
12 3.24E-06 5.20E-16 0.00 0.037 
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Thickness (cm) Mev/g Gray (J/kg) Normalized Dose Relative Error 
0.5 8.76E-05 1.40E-14 1.00 0.009 
1 7.64E-05 1.22E-14 0.87 0.010 
3 4.33E-05 6.94E-15 0.47 0.013 
5 2.57E-05 4.12E-15 0.26 0.017 
8 1.17E-05 1.87E-15 0.09 0.024 
10 7.20E-06 1.15E-15 0.04 0.031 
12 3.95E-06 6.34E-16 0.00 0.040 
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Thickness (cm) Mev/g Gray (J/kg) Normalized Dose Relative Error 
0.5 1.17E-04 1.87E-14 1.00 0.009 
1 1.07E-04 1.72E-14 0.90 0.009 
3 7.75E-05 1.24E-14 0.59 0.011 
5 5.61E-05 8.99E-15 0.37 0.013 
8 3.69E-05 5.91E-15 0.17 0.016 
10 2.75E-05 4.41E-15 0.07 0.019 
12 2.07E-05 3.32E-15 0.00 0.022 
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